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Abstract
Pathogenic microorganisms and persistent heavy metals present in contaminated 
aqueous streams are harmful to human health and the ecosystem. Hence more 
effective treatment technologies are required for their removal prior to use or 
discharge into the aquatic environment. Silver has been incorporated into different 
support materials for use in water and wastewater disinfection. These materials 
include natural zeolites (NZ) which possess excellent ion exchange properties and 
have been extensively used for metal removal from aqueous solutions. The aim of 
this study was to investigate the performance of silver modified zeolites (SZ) for the 
combined removal of Escherichia coli and metals (Pb, Cd and Zn) from aqueous 
systems. Silver modification was conducted via ion exchange and characterization 
studies provided more information about the zeolites while confirming the presence 
of silver in SZ. Preliminary performance screening results provided the rationale for 
more detailed and systematic batch and column experimental studies. Batch studies 
were undertaken to investigate the disinfection and metal removal performance in 
single and multicomponent systems. The SZ exhibited high disinfection efficiencies 
with complete disinfection achieved within 15-30 minutes of contact time while non­
modified zeolites had no antibacterial effect. The maximum metal removal capacities 
of both NZ and SZ were 18-lOlmg/g and the observed order of metal selectivity was 
Pb>Cd>Zn. Overall metal removal was best described by the Langmuir isotherm and 
followed the pseudo-second-order kinetic model. In fixed-bed column studies, 
complete disinfection and metal removal (100%) was achieved until E. coli 
breakthrough after 570 minutes followed by Cd and Zn breakthrough after 1080 
minutes. However no Pb breakthrough was observed within the service life of the 
column demonstrating the zeolite’s affinity for Pb removal. Scanning electron 
microscopy (SEM) revealed extensively damaged and dead E. coli cells and bacterial 
synthesis of nano- and micro-sized silver particles in response to toxic silver ions. 
Furthermore, the potential for silver recovery in NZ columns was examined. This 
study demonstrated the potential of SZ for the simultaneous removal of bacteria and 
heavy metals from contaminated aqueous streams.
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Chapter 1
Introduction
1.1 Background
Water scarcity and water pollution are major global issues. Rapid population growth 
and the consequent increase in anthropogenic activities has resulted in high demand 
for scarce water resources, generation of large volumes of wastewater and diffuse 
pollution of surface and ground water sources (Erdem et al., 2004; Wang and Peng, 
2010). Major pollutants of concern include pathogenic microorganisms and heavy 
metals. Pathogenic microorganisms cause waterborne diseases such as diarrhoea 
(Caimcross and Feachem, 1993; Toze, 2006; WHO, 2011) and heavy metals are 
persistent and non-biodegradable with long-term adverse effects on human health, 
aquatic organisms and the ecosystem (Barakat, 2011; Fu and Wang, 2011; Hashim et 
al., 2011). Hence more effective treatment technologies are required for their 
removal from water and wastewater prior to use, discharge into aquatic and terrestrial 
environments and/or reuse.
Silver has been widely used as an antimicrobial agent since ancient times (Davies 
and Etris, 1997; Brett, 2006; Lemire et al., 2013). Silver ions and nanoparticles 
incorporated into different inorganic support materials have been used for a wide 
range of antimicrobial applications including water and wastewater disinfection 
(Chang et al., 2008; Rai et al., 2009; Dankovich and Gray, 2011; Lalueza et al., 
2011; Mthombeni et al., 2012; Chen et al., 2013; Lin et al., 2013; Apalangya et al.,
2014). Zeolites have been used as support materials for silver ions due to their non­
reactive nature and good silver exchange properties with studies demonstrating the 
effective elimination of microorganisms in aqueous media by silver modified zeolites 
(Rivera-Garza et al., 2000; Matsumura et al., 2003; Top and Ulku, 2004; De la Rosa- 
Gomez et al., 2008a; 2008b; Kwakye-Awuah et ah, 2008; De la Rosa-Gomez et ah, 
2010; Copcia et al., 2011; Guerra et al., 2012; Krishnani et al., 2012). In some 
studies complete elimination of microorganisms including Escherichia coli 
suspended in water was achieved within one to two hours of treatment with silver 
modified zeolites under varying experimental conditions (Rivera-Garza et al., 2000; 
De la Rosa Gomez et al., 2008b; De la Rosa Gomez et al., 2010). The antibacterial 
activity of silver modified zeolites is a function of silver ions released from the 
zeolite matrix into the aqueous medium. The mechanism of silver antibacterial action 
is not fully understood however the main interactions involved in disinfection as
reported in the literature include the uptake of silver ions by bacterial cells resulting 
in significant cell wall damage and leakage of intracellular cell contents (Sondi and 
Salopek-Sondi, 2004; Chang et ah, 2008; Chamakura et ah, 2011). It has also been 
reported that silver ions accumulate within the cell where they interact with thiol 
groups, proteins and enzymes resulting in agglomeration of cell proteins and 
condensation of the cell DNA. This inhibits the replication ability of the cell, disrupts 
essential cell functions and leads to cell death (Ahmad et ah, 2013; Feng et ah, 2000; 
Chang et ah, 2008; Hall Sedlak et ah, 2012; Lemire et ah, 2013). The interaction 
between silver ions and the cell also involves the generation of reactive oxygen 
species (ROS) within the cell catalysed by silver ions which destroy the cell via 
oxidation (Feng et ah, 2000; Le Pape et ah, 2004; Inoue et ah, 2002; Park et ah, 
2009).
Natural zeolites are crystalline, hydrated, porous, aluminosilicate minerals possessing 
a tetrahedral framework of oxygen atom-linked aluminium and silicon molecules and 
exchangeable cations which balance the original charge of the zeolite framework 
(Mumpton, 1999; Armbruster and Gunter, 2001; Wang and Peng, 2010). The unique 
characteristics of zeolites make them ideal for use in adsorption, ion exchange and 
catalysis. These characteristics include high ion exchange capacity, cost 
effectiveness, environmental compatibility, wide availability and good selectivity 
towards many ions (Babel and Kumiawan, 2003; Castaldi et ah, 2008). The use of 
natural zeolites in water and wastewater treatment applications for the removal of 
heavy metals has been extensively investigated and documented in the literature with 
high metal removal efficiencies achieved in batch and column systems (Kesraoui- 
Ouki et ah, 1993; Cincotti et ah, 2001; Bektas and Kara, 2004; Baker et ah, 2009; 
Inglezakis and Grigoropolou, 2004; Medvidovic et ah, 2006; Can et ah, 2010; Wang 
and Peng, 2010). Clinoptilolite is one of the most commonly studied natural zeolites 
and is highly selective towards metal ions including Pb, Cd and Zn (Inglezakis et ah, 
2002; Bektas and Kara, 2004; Erdem et ah, 2004; Sprynskyy et ah, 2006; Wang and 
Peng 2010). The removal of metal ions occurs via bulk diffusion from the solution to 
the zeolite surfaces, intra-particle diffusion through the zeolite macro pores and meso 
pores where ion exchange occurs and adsorption on the internal mineral surfaces of 
the zeolites (Curkovic et ah, 1997; Dabrowski et ah, 2001; Sprynskky et ah, 2006; 
Karatas, 2012).
In a recent study the performance of silver ion-exchanged zeolites for the combined 
removal of a range of microorganisms including E. coli and ammonia from aqueous 
media was investigated with results suggesting potential applications in aquaculture 
management (Krishnani et ah, 2012). However, most published research have 
focused solely on the antibacterial applications of silver-modified zeolites and their 
performance in handling bacterial contamination with the zeolites acting only as 
inert carriers and releasers of the silver ions (Rivera-Garza et ah, 2000; De la Rosa 
Gomez et ah, 2008a; 2008b; De la Rosa Gomez et ah, 2010; Copcia et ah, 2011), 
thus highlighting the need for research focused on the optimal utilization of these 
silver modified zeolites by taking advantage of their dual treatment capabilities, 
mainly both pathogen and heavy metal removal.
1.2 Aim and Objectives
The aim of this study is to investigate the performance of silver modified zeolite for 
the combined removal o f Escherichia coli as a pathogenic indicator and heavy metals 
(Pb, Cd and Zn) from aqueous solutions in batch and column systems. This will be 
achieved by exploring the inherent metal ion exchange/adsorption capacity of the 
natural zeolite and the acquired disinfection capacity due to the incorporated silver 
ions, with a view to developing an optimum one-step treatment unit process capable 
of simultaneously handling bacterial and heavy metals contamination.
The research objectives are as follows:
• To carry out silver modification of as-received zeolites via ion exchange and 
preliminary screening of zeolites for disinfection and metals (Pb, Cd, Zn) 
removal capability
• To undertake a detailed chemical and physical characterization of as-received 
and silver modified zeolites using scanning electron microscopy-energy 
dispersive x-ray spectroscopy (SEM-EDX), x-ray diffraction (XRD) and 
Brunauer, Emmett and Teller (BET) surface area analysis.
• To investigate the equilibrium and kinetics of silver exchange onto as- 
received zeolites with a view to optimizing the silver modification process.
• To comprehensively investigate the performance of silver modified zeolites 
for the removal of E. coli and metals (Pb, Cd and Zn) from single and
multicomponent solutions in batch systems. This will include equilibrium and 
kinetic modelling of metal removal and evaluation of the effects of pH, initial 
metal concentration and contact time on selected systems.
• To extend the knowledge gained from batch experiments to fixed-bed column 
experiments while evaluating the effects of flow rate and bed height on 
removal performance and the potential of silver recovery from treated 
effluents by recirculation through a non-modified zeolite packed column with 
a view to conditioning for use.
• To develop an understanding of the disinfection mechanisms and system 
interactions occurring during treatment. This will be enhanced by the 
morphological characterization of E. coli cells via SEM-EDX before and after 
treatment.
1.3 Thesis Structure
This thesis is divided into nine chapters. Chapter 1 gives a brief introductory 
background to the research problem, highlights the research gap and outlines the 
research aim and objectives. In chapter 2, a critical review of relevant literature on 
the contaminants of concern, silver modified materials for antibacterial applications 
and natural zeolites for metal removal is presented. Chapter 3 describes the materials 
and experimental methods employed throughout this study including silver 
modification of zeolites, characterization techniques, preliminary screening 
experiments, silver adsorption experiments, batch E. coli and metal removal 
experiments, fixed-bed column experiments including silver recovery and 
microbiological and elemental analytical methods. Chapter 4 focuses on the chemical 
and physical characterization of as-received and silver modified zeolites using 
characterization techniques: SEM-EDX, XRD and BET. In chapter 5, natural zeolites 
modified with silver nitrate at different concentration levels up to 5% (w/v) are 
screened for E. coli disinfection and metal removal capability as a precursor to main 
experimental investigations. Silver adsorption equilibrium and kinetic studies for 
system optimization are discussed in chapter 6. Chapter 7 focuses on batch studies 
pertaining to the removal of E. coli and metal ions from single and multicomponent 
aqueous systems. E. coli disinfection, metal adsorption equilibrium and kinetics, 
system interactions and removal mechanisms are discussed in this chapter. In chapter
8, the results of fixed-bed column studies including the effects of flow rate and bed 
height on the column performance and silver recovery for potential reuse are 
discussed. The disinfection mechanisms based on the findings of bacterial cell 
characterization studies are also presented. Finally, chapter 9 summarizes the main 
findings of the research, conclusions drawn from the study and recommendations for 
future work.
Chapter 2
Literature Review
2.1 Introduction
This chapter provides a review of relevant literature and a theoretical framework for 
this study. Microbial and heavy metal pollution of aqueous streams including sources 
and effects of pollution are discussed in section 2.2. A synthesis of water quality 
guidelines for the contaminants of concern {E. coli, Pb, Cd and Zn) is also included. 
The disinfection applications of silver and silver modified materials and mechanisms 
of silver antibacterial action reported in the literature are discussed in section 2.3. 
Furthermore, section 2.4 focuses on natural zeolites and their applications in heavy 
metal removal and adsorption isotherms and kinetics.
2.2 Microbial and Heavy Metal Pollution in Aqueous Streams
Pathogenic microorganisms and persistent non-biodegradable heavy metals such as 
Pb, Cd, and Zn are major pollutants of concern present in contaminated aqueous 
streams. These pollutants are found in varying concentrations in municipal 
wastewater/sewage, industrial effluents, mixed domestic and industrial wastewater 
streams, agricultural runoff, urban and rural stormwater runoff, hospital wastewater 
and contaminated groundwater (Afzal et al., 2000; El-Bestawy, 2008; Ma et al., 
2009; Ahammed and Meera, 2010; Azizullah et al., 2011; WHO, 2011).
2.2.1 Microbial Pollution
Pathogenic microorganisms present in contaminated aqueous streams include 
bacteria, viruses and protozoa. They are transmitted mainly through the faecal-oral 
route and cause waterborne diseases with children, those with weak immune systems 
and the elderly being most vulnerable (Caimcross and Feachem, 1993; Toze, 2006; 
Cabral, 2010; Azizullah et al., 2011; WHO, 2011). According to the WHO (2013),
1.7 billion cases of diarrhoeal diseases occur annually resulting in the deaths of 
760, 000 children making it a leading cause of child mortality and morbidity. Some 
waterborne microbial diseases and their causative organisms are listed in Table 2.1. 
These microorganisms enter into aqueous streams through several sources including 
open defecation, disposal of untreated sewage and municipal wastewater, septic 
tanks, urban mnoff, industrial effluents from food processing and beverage 
industries, abattoirs, agricultural mnoff and hospital wastewater (Afzal et al., 2000; 
Danchaivijitr et al., 2005; El-Bestawy, 2008; Ma et al., 2009; Ahammed and Meera, 
2010; Cabrai, 2010; WHO, 2011). The concentrations of these pollutants vary in
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different contaminated streams, however raw wastewater contains 10^-10^  ^
CFU/lOOml of faecal coliforms (Henze and Comean, 2008).
Table 2.1. Common waterborne diseases and causative microorganisms (Caimcross 
and Feachem, 1993; Marshall et al., 1997; Cabral, 2010; WHO, 2011)
Causative Microorganism Disease
Bacteria
Vibrio cholerae Cholera
Escherichia coli (enteropathogenic) Diarrhoea
Salmonella species Salmonellosis
Shigella species Shigellosis
Salmonella typhi Typhoid
Protozoa
Cryptosporidium Cryptosporidiosis
Entamoeba histolytica Amoebic Dysentery
Giardia lamblia Giardiasis
Balantidium coli Balantidiasis
Virus
Rotavirus Rotavims Diarrhoea
Hepatitis A vims Hepatitis A
Poliovims Poliomyelitis
The microbial quality of water is routinely assessed on the basis of examination of 
indicator organisms. The principal indicators of faecal contamination of water are 
members of the coliform group of bacteria which are present in large numbers in the 
gastrointestinal tract of warm blooded mammals. They are non-pathogenic, do not 
survive for extended periods outside their host and can be easily isolated from water, 
solids and faeces (Cabral, 2010; Pamch and Maehlum, 2012).
2.2.1.1 Escherichia coli
Escherichia coli is a gram-negative, rod-shaped, non-spomlating, lactose-fermenting 
facultative anaerobic bacterium which belongs to the taxonomic family 
Enterobacteriaceae. Most strains are non-pathogenic, part of the normal intestinal 
flora of warm-blooded animals and present in large numbers in faeces thus satisfying 
the criteria for indicator organisms. Their presence in water indicates recent faecal 
contamination and the possible presence of pathogenic microorganisms. However
pathogenic strains such as E. coli 0157:H7 which cause diseases also exist (Russell 
and Jarvis, 2001; Cabral, 2010; Frigon et ah, 2013; Odonkor and Ampofo, 2013). 
The dimensions of an E. coli cell are approximately; length-1-2pm and diameter-0.5- 
1pm (Maier et ah, 2000). The structural components of the gram-negative bacterial 
cell include (i) the cytoplasm which contains the cell DNA, ribosomes and inclusions 
surrounded by (ii) the cell envelope which consists of the cytoplasmic membrane, 
and cell wall enclosed in the periplasmic space between a thin inner peptidoglycan 
layer and an outer membrane and (iii) appendages which are the flagella and pili 
(Record Jr et ah, 1998; Todar, 2012; Pilizota and Shaevitz, 2013) as illustrated in 
Figure 2.1.
Capsule
Cytoplasmic
membrane
Cell wall
Cytoplasm with 
ribosomes
Plasmid
usion
Penplasmic
Flagellum
Cliromosome Inclusion
Figure 2.1. Typical bacterial cell (Todar, 2012)
The DNA contains the genetic information of the cell and protein synthesis occurs in 
the ribosomes. The inclusions serve as a nutrient reserve in addition to other 
specialized functions while the cell wall provides shape and rigidity while preventing 
osmotic lysis. The outer membrane present in gram-negative bacteria serves as a 
permeability barrier with associated proteins and lipopolysaccharide with various 
functions. The cytoplasmic membrane contains several enzymatic systems and is 
responsible for solute transport and energy generation. The flagella and pili are 
responsible for motility and surface attachment respectively (Maier et ah, 2000; 
Todar, 2012).
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2.2.1.2 Bacterial Growth and Stress Response
The typical life cycle of bacteria growing in a nutrient medium under ideal laboratory 
conditions is divided into four main phases, as illustrated in Figure 2.2. In the lag 
phase, there is no growth or division as the cells adjust to the fresh medium until they 
enter the exponential growth phase where they rapidly grow, divide at a constant rate 
and increase exponentially using the nutrients in the medium. As nutrients are used 
up, the microorganisms enter the stationary phase where the population begins to 
starve and the growth rate declines until there is no further increase in the number of 
bacterial cells. In batch culture conditions, the cell density is 10^ -10^ ® CFU/ml when 
the population enters the stationary phase. Bacterial cells then enter the death phase 
where they begin to die off rapidly (Finkel et al., 1998; Maier et al., 2000; Todar,
2012). However some cells survive and go into what has been described as the 
extended or long term stationary phase where cells are maintained in the culture 
without the addition of nutrients (Finkel, 2006).
I Exponential i Stationary phase [ 
I growth phase j _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ |I Death phase
Lag phase
Time
Figure 2.2. Bacterial growth curve (Adapted from Todar, 2012)
Bacterial cells are sensitive to changes in their surrounding environment. However 
they have developed mechanisms to cope with stressors including lack of nutrients, 
osmotic shock, pH shock and metal ions and survive under non-ideal conditions. 
Certain nutrients are essential for bacterial growth, however most bacteria do not live 
in nutrient rich environments, hence they possess coping mechanisms such as 
changes in cell morphology, production of storage compounds and protective 
enzymes to prevent DNA damage, reduction of non-essential activity and in some 
cases programmed cell death. Some cells survive by using cell debris of their dead 
counterparts as a nutrient source (Finkel et al., 1998).
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One of the common stresses encountered by bacterial cells is osmotic shock due to 
hypotonie or hypertonic conditions. In hypotonic solutions, cells swell due to the 
increased influx of water. In hypertonie solutions cells shrink as they lose water due 
to the high solute coneentration of the medium thus inhibiting other essential 
transport mechanisms. Osmotic lysis may occur in hypotonic solutions when the 
continued excessive influx of water can no longer be contained by the membrane and 
cell wall causing the cell to burst while plamolysis may occur under hypertonic 
conditions (Record Jr et al., 1998; Wood, 2007). However bacterial cells possess 
osmosensory and osmoregulatory mechanisms which help them to cope with some 
levels of osmotic stress and mitigate changes in cells structure. E. coli is moderately 
osmotolerant (Wood, 2007; Rojas et al., 2014), hence the survival of bacterial cells 
including E. coli in deionized water over a period of days has been reported in the 
literature (Cook and Bolster, 2007).
The pH of the surrounding medium is critical to microbial growth and survival. The 
optimum pH for E. coli growth is 6.0-7.0 (Todar, 2012) and the cell maintains a 
constant internal pH of 7.6 (Baatout et al., 2007). However bacterial cells have 
complex adaption mechanisms involving the synthesis of stress-inducable proteins 
which prevent or repair damage, thus enabling them to survive in acidic 
environments such as the gastrointestinal tract (Bearson et al., 1997).
In contaminated aqueous streams, bacterial strains interact with metal ions among a 
host of other aqueous species. Hence they have developed metal resistance 
mechanisms involving specific metabolic pathways through which they are able to 
bio-precipitate metal ions and convert them to less toxic forms (Kotrba et al., 1999; 
Mishra and Malik, 2013). Biofilms consisting of bacterial cells, cell debris and 
exopolysaccharides also confer higher levels of metal resistance and protect bacterial 
cells from the influx of harmful metal ions (Loaec et al., 1997; Diels et al., 2003).
2.2.2 Heavy Metal Pollution
Heavy metals (density >5g/cm^) are major pollutants of environmental concern 
present in contaminated aqueous streams at concentrations ranging from less than 
lmg/1 to as high as 4000mg/l (Ahammed and Meera, 2010; Barakat, 2011; Baysal et 
al., 2013). They are persistent, non-biodegradable, tend to accumulate in living
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organisms and are harmful to humans, aquatie organisms and the environment 
(Barakat, 2011; Fu and Wang, 2011; Hashim et ah, 2011).
Industrial effluents are the major source of heavy metal pollution. These effluents 
come from various processes including electroplating, printing, mining, metal 
processing, refining, tannery, wood processing and manufacturing of batteries, 
paints and pigments, pharmaceuticals, plastics, steel, cosmetics, fertilizers, metal 
fittings, leather and textiles (All and El-Bishtawi, 1997; Bhattacharya et al., 2006; 
Ahmaruzzaman, 2011; Baysal et al., 2013). Significant levels of metals are also 
found in municipal wastewater, wastewater from businesses and institutions, urban 
stormwater runoff, roof harvested rainwater, canal water and shallow groundwater 
(Davis et al., 2001; Erdem et al., 2004; Pitcher et al., 2004; Ahammed and Meera, 
2010; Fu and Wang, 2011; Baysal et al., 2013). Other sources of metal pollution 
include atmospheric depositions and traffic related emissions from automobile brake 
linings, gasoline and oil leakage and vehicle exhausts (Davis et al., 2001; Baysal et 
al., 2013). Metals present in wastewater include, lead, cadmium, zinc, manganese, 
copper, mercury, nickel, cobalt and chromium (Bedelean et al., 2009; Baysal et al., 
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Heavy metals cause serious health problems including damage to vital organs and 
systems and stunted growth and development in children. Some heavy metals are 
known or suspected human carcinogens (Ahmaruzzaman, 2011; Fu and Wang, 2011; 
WHO, 2011; Baysal et al., 2013). Table 2.2 summarizes the health effects of heavy 
metals considered in this study (Pb, Cd and Zn).
Table 2.2. Human health effects of heavy metals and symptoms of exposure
Heavy Metal Health Effects References
Lead Damage to the central nervous and reproductive systems and 
neurodevelopmental impairment in children. Symptoms of 
exposure include anaemia, headaches, dizziness, irritability, 
muscle weakness
(US EPA, 2009; 
Barakat, 2011; WHO, 
2011)
Cadmium Renal disorders, probable human carcinogen, death. 
Symptoms of exposure include nausea, chest and abdominal 
pains, headaches
(US EPA, 2009; Fu 
and Wang, 2011; 
WHO, 2011)
Zinc Essential micronutrient but toxic at high concentrations. 
Effects include depression, lethargy, and acute renal failure. 
Symptoms of exposure include nausea, abdominal cramps, 
and skin irritation.
(US EPA, 2009; 
Barakat, 2011; WHO, 
2011)
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2.2.3 Water Quality Guidelines and Regulations
Microorganisms and heavy metals have deleterious health effects, hence water 
quality guidelines and regulations exist to safeguard human health and aquatic 
systems as summarized in Table 2.3.
Table 2.3. Drinking water quality guidelines and regulations
Guidelines and Regulations Values References
Faecal Coliforms and E. coli
WHO Drinking Water Quality 
Guidelines Guideline value=0/100ml (WHO, 2011)
EPA National Primary Drinking Water 
Quality Regulations MCL"=0 (EPA, 2009)
EC Council Directive 98/83/EC Parametric value=0/100ml (EC, 1998)
Lead
WHO Drinking Water Quality 
Guidelines
Provisional guideline 
value=0.0 lmg/1 (WHO, 2011)
EPA National Primary Drinking Water 
Quality Regulations
TT  ^action level- 0.015mg/l; 
Public health goal- Omg/1 (EPA, 2009)
EC Council Directive 98/83/EC Parametric value=10|ig/l (EC, 1998)
Cadmium
WHO Drinking Water Quality 
Guidelines Guideline value-0.003mg/l (WHO, 2011)
EPA National Primary Drinking Water 
Quality Regulations
MCL^0.005mg/l; Public 
health goal=0.005mg/l (EPA, 2009)
EC Council Directive 98/83/EC Parametric value=5pg/l (EC, 1998)
Zinc
WHO Drinking Water Quality 
Guidelines
None but may make water 
unpleasant at levels above 
3mg/l
(WHO, 2011)
EPA National Secondary Drinking 
Water Regulation Secondary MCL^ =5mg/l (EPA, 2009)
®MCL-maximum contaminant level; ^TT-treatment technique
2.2.4 Disinfection Methods
Disinfection is an important step in water and wastewater treatment for the 
elimination of pathogenic microorganisms. Chemical disinfection involves the use of 
strong oxidative agents such as chlorine, chlorine dioxide, chloramines, ozone, 
hydrogen peroxide and physical methods include UV-disinfection, membrane 
disinfection, thermal disinfection and ultrasonic disinfection (Madaeni, 1999; Labas 
et al., 2005; Bemey et al., 2006; Al-Juboori et al., 2010; Legay et al., 2010). 
Chlorination is most commonly used as it is cheap, effective and has a residual effect
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thus providing protection against microbial contamination in the water distribution 
system. However the major disadvantage of this method is that chlorine tends to 
react with natural organic matter (NOM) (composed of amino acids, polysaccharides 
and proteins) resulting in the formation of harmful and potential carcinogenic 
disinfection by-products (DBFs) such as trihalomethanes (THMs) and haloacetic 
acids (HAAs) (Gibbons and Laha, 1999; Freuze et al., 2005; Legay et al., 2010; 
Lalley et al., 2014). The main advantages and disadvantages of some disinfection 
methods are summarized in Table 2.4.
Table 2.4. Methods of water and wastewater disinfection
Method Advantages Disadvantages References
Chlorination Strong oxidative 
agents; low cost; rapid 
disinfection; residual 
protection of water in 
the distribution system
Reacts with NOM to 
form harmful DBFs such 
as THMs and HAAs; not 
very effective against 
protozoa and endospores
(Freuze et al., 2005; 
Al-Juboori et al., 
2010)
Chloramination
Ozonation
Reduced formation of 
DBFs
Strong oxidant; rapid 
disinfection; highly 
effective against a 
wide range of 
pathogenic 
microorganisms
less reactive than 
chlorine and not effective 
against viruses, protozoa 
and endospores
High capital cost and 
energy consumption; 
storage difficulties due to 
high instability thus 
requiring on-site 
production; possible 
formation of harmful 
DBFs
(Legay et al., 2005)
(Al-Juboori et al., 
2010)
UV-Disinfection Effective against 
bacteria; deactivation 
of protozoans; no 
DBFs
Highly sensitive to 
turbidity levels in water
(Labas et al., 2005)
Membrane Technology High quality treated 
effluent; Less 
chemical addition
Membrane fouling and 
resultant decline in flux
(Madaeni, 1999)
Solar Energy 
Disinfection
Low cost, simple and 
effective
Restricted use at certain 
locations due to 
dependence on sunlight
(Bemey et al., 2006)
Metal-based Agents 
(Ag, Cu, Zn, An etc.)
No DBFs; effective 
against a wide 
spectrum of 
microorganisms
Cost of metals such as 
Ag; toxic metals released 
in treated effluent; 
potential heavy metal 
resistance
(Nies, 1999; Milan 
et al., 2001; Li et al., 
2008)
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In view of the limitations of conventional treatment methods, alternative means of 
disinfection have been explored. The application of metal-based antibacterial agents 
for the inactivation of pathogenic microorganisms present in contaminated aqueous 
streams has been investigated with promising findings (Rivera -Garza et al., 2000; 
Milan et al., 2001; Concepcion-rosabal et al., 2006; Bandyopadhyaya et al., 2008; 
Chang et al., 2008; Oyanedel-Craver and Smith, 2008; De la Rosa-Gomez et al., 
2010; Krishnani et al., 2012; Rayner et al., 2013). Amongst the heavy metals, silver 
possesses superior antimicrobial properties with relatively lower toxicity (Nies, 
1999; Top and Ulku, 2004; Silvestry-Rodriguez et al., 2007b; Biswal et al., 2011). 
The application of silver modified materials will be discussed further in Section 2.3.
2.2.5 Heavy Metal Removal Methods
The removal of heavy metal ions from contaminated aqueous streams is critical due 
to their high toxicity and persistence in the environment. Physicochemical methods 
for removing heavy metals fi*om water and wastewater include chemical 
precipitation, coagulation-flocculation, flotation, membrane filtration, ion exchange 
and adsorption, electrodialysis and photocatalysis (Kumiawan et al., 2006; Barakat, 
2011; Ahmarussaman, 2011; Fu and Wang, 2011; Hashim et al., 2011; Baysal et al.,
2013). Chemical precipitation and coagulation are the most commonly used metal 
removal methods, however their major drawback is the generation of large quantities 
of sludge requiring disposal (Barakat, 2011). Membrane technologies produce high 
quality effluents, however their use is limited due to the high cost of operation and 
maintenance (Barakat, 2011; Ahmarussaman, 2011). Table 2.5 summarizes the 
advantages and disadvantages of some metal removal methods.
Adsorption is an effective method for the removal of heavy metals from aqueous 
solutions. Several studies have explored the use of low cost adsorbents for metal 
removal as alternatives to the widely used but relatively expensive activated carbon 
with promising findings. These adsorbents include agricultural wastes, industrial by­
products, industrial wastes and natural materials such as clays and zeolites 
(Ahmarussaman, 2011; Fu and Wang, 2011). The use of natural zeolites for the 
removal of metal ions from contaminated aqueous streams will be discussed further 
in Section 2.4.
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Table 2.5. Heavy metal removal methods
Method Advantages Disadvantages References
Chemical
precipitation
Simple and convenient 
operation, low capital 
cost
Large amount of chemicals 
required; excessive sludge 
generation; poor settling; 
cost intensive sludge 
disposal
(Kumiawan et al., 2006; 
Fu and Wang, 2011)
Coagulation-
flocculation
Low capital cost; short 
settling time
Generation of sludge; cost 
of sludge disposal
(Kumiawan et al., 2006; 
Fu and Wang, 2011)
Membrane
technologies
High quality effluent; 
effectively removes a 
wide range of metals; 
small space requirement
High operating cost; high 
energy consumption; 
sludge generation; 
membrane fouling
(Fu and Wang, 2011 ; 
Baysal et al., 2013)
Dissolved air 
flotation
Low cost; short 
hydraulic retention time
Less efficient method as 
effluent may require further 
treatment
(Kumiawan et al., 2006; 
Barakat, 2011)
Electrolytic
recovery
Effective metal recovery 
at extremely low 
concentrations
Frequent replacement of 
electrodes due to corrosion
(Barakat, 2011; Baysal, 
et al., 2013)
Ion exchange
High quality effluent; no 
sludge; time saving; 
effective removal of a 
wide range of metals
High cost of ion exchange 
resins; pH sensitive
(Kumiawan et al., 2006; 
Fu and Wang, 2011)
Adsorption
Ease of design and 
operation; effective 
remval of heavy metals
Spent adsorbents require 
regeneration
(Kumiawan et al., 2006; 
Ahmamssaman, 2011)
2.3 Silver Modified Materials for Disinfection Applications
2.3.1 Silver as a Disinfectant
Silver is a transition metal found in small quantities in the earth’s crust mainly as 
sulphides combined with iron, lead and gold. It has a white metallic lustrous 
appearance in its pure form. Properties of this metal include ductility, malleability, 
electrical and thermal conductivity and photosensitivity (Silver, 2003; Akgul et al.,
2006). Silver has a variety of applications including (i) photography and imaging (ii) 
manufacturing of electronics, silverware, dental amalgams and as an (iii) 
antimicrobial agent in antiseptics, medical devices, consumer products and water 
purification (Purcell and Peters, 1998; Silver, 2003; Akgul et al., 2006; Monteiro et 
al., 2009).
Silver has been recognized and used extensively as an antimicrobial agent since 
ancient times when silver vessels were used for water storage and silver nitrate was
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used to prevent eye infections in new-boms (Davies and Etris, 1997; Brett, 2006; 
Behra et al., 2013). Silver effectively inactivates bacteria, fungi, yeasts, viruses and 
protozoa as demonstrated in several studies (Feng et al., 2000; Le Pape et al., 2002; 
Sondi and Salopek-Sondi, 2004; Cho et al., 2005; Kim et al., 2007; Silvestry- 
Rodriguez et al., 2007b; Jung et al., 2008 ; Bright et al., 2009; Dror-Erhe et al., 
2009; Monteiro et al., 2009; DeGusseme et al., 2010; Bedi et al., 2012; Cheng et al., 
2012; Agnihotri et al., 2013). For example, Zhao and Stevens Jr. (1998) 
demonstrated the bacteriostatic and bactericidal effects of silver ions against E. coli 
as a model organism. Similarly, Feng et al. (2000) investigated the antibacterial 
activity of silver ions against E. coli and Staphylococcus aureus. They observed that 
the silver ions effectively inhibited both bacterial species. Transmission electron 
microscopy (TEM) revealed morphological changes indicating the active destruction 
of the cells by silver ions during treatment.
The antimicrobial effectiveness of silver has been reported to be comparable to other 
disinfection agents. Brady et al. (2003) evaluated the performance of six disinfectant 
sprays with the silver based disinfectant exhibiting superior antimicrobial activity. 
Similarly, in a study comparing the bactericidal action of silver nanoparticles with 
hypochlorite (bleach) and phenol, silver nanoparticles showed the highest and most 
persistent bactericidal activity even at lower concentrations (Chamakura et al., 2011).
Silver has also exhibited synergistic antimicrobial action in combination with other 
microbicides and disinfection methods. Butkus et al. (2005) demonstrated the 
synergistic activity of silver in combination with UV-disinfection against MS-2 
coliphage. Luna-Pabello et al. (2009) combined silver, copper and paracetic acid 
(PAA) for municipal wastewater disinfection to achieve the required level of 
disinfection within 10 minutes of treatment.
Silver ions and nanoparticles have been incorporated into different support materials 
for a variety of antimicrobial applications. Table 2.6 provides a non-exhaustive 
summary of silver modified materials and their current or potential applications. 
Among the support materials, synthetic and natural zeolites are good carriers for 
antimicrobial silver due to their excellent ion exchange properties and the resultant 
ease of incorporating silver ions/nanoparticles, stability in aqueous solutions, non­
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reactive nature and slow release of silver ions into aqueous media during treatment 
(Matsumura et al., 2003; Top and Ulku, 2004; Copcia et al., 2011).
Table 2.6. General antimicrobial applications of silver modified materials
Silver Modified Materials Applications References
Silver zeolite Dental materials Kawahara et al., 2000
Silver loaded allophanic materials 
(soil) Water treatment Onodera et al., 2001
Silver modified elinoptilolite Wastewater treatment
Rivera-Garza et al., 2000; 
De la Rosa-Gomez et al., 
2008a ;2008b
Colloidal silver-treated laminate 
wood flooring
Environmentally fiiendly 
flooring material Kim and Kim., 2006
Silver nanoparticles incorporated 
into cotton fabric
Sterile cloth use in hospitals to 
minimize pathogenic infections. Duran et al., 2007
Silver ion-zeolite powders
Control of viral contamination of 
fomites and spread of viral 
diseases
Bright et al., 2009
Silver zeolite incorporated into root 
canal filling material
Dental applications: root canal 
filling materials Çinar et al., 2009
Silver exchanged tobermorite Medical application: in situ bone tissue regeneration Coleman et al.,2009
Silver nanoparticle incorporated 
into a chitosan matrix
Wound treatment, dental 
applications An et al., 2011
Silver zeolite impregnated 
wrapping paper Food preservation Lee et al., 2011
Silver exchanged onto zeolite A
Antibacterial coating to prevent 
microbial growth on condensing 
heat exchangers on-board 
manned spacecraft
Bedi et al., 2012
Silver-loaded zeolite incorporated 
into cotton fabric
Antibacterial textiles; medical 
applications Can et al., 2013
Silver modified zeolite-Y 
prepared via ion exchange
Integrated into air conditioners 
for bio aerosols removal in 
indoor environments
Cheng et al., 2012
Silver incorporated into ceramic 
water filters
Household drinking water 
purification Rayner et al., 2013
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2.3.2 Silver Modified Materials for Water and Wastewater Disinfection
Current conventional water disinfection methods, though effective are beset with 
disadvantages such as harmful DBFs from chlorination and high operating costs of 
more advanced methods like membrane technologies. Hence there has been 
increased interest in the development and testing of alternative disinfectants such as 
silver ions, nanoparticles and silver modified materials for the treatment of 
contaminated aqueous streams including drinking water (Oyanedel-Craver and 
Smith, 2008; Rayner et al., 2013), municipal wastewater (Rivera-Garza et al., 2000; 
De la Rosa-Gomez et al., 2008a; 2008b), ground water (Mpenyana-Monyatsi et al.,
2012) and harvested rainwater(Nawaz et al., 2012; Adler et al., 2013). Some studies 
involved the direct application of silver ions to water samples. For instance, 
Silvestry-Rodriguez et al. (2007a) demonstrated the potential application of silver as 
a secondary disinfectant for the inactivation of bacteria {Pseudomonas aeruginosa 
and Aeromonas hydrophild) with up to 5 log bacterial reduction achieved. Similarly, 
Nawaz et al. (2012) reported complete inactivation of E. coli and P. aeruginosa in 
rainwater. In another study, Pathak and Gopal (2012) reported complete elimination 
of E. coli from drinking water after 10 minutes of treatment with silver ions from 
silver electrodes.
However the direct application of silver to contaminated aqueous streams is not cost 
effective, hence the preferred method of application is the incorporation of silver into 
support materials (Copcia et al., 2011). The use of silver modified zeolites as 
antimicrobial materials for water disinfection has been reported in the literature 
(Rivera -Garza et al., 2000; Concepcion-Rosabal et al., 2006; De la Rosa-Gomez et 
al., 2008a; 2008b; De la Rosa-Gomez et al., 2010; Krishnani et al., 2012). Rivera- 
Garza et al. (2000) investigated the use of silver modified elinoptilolite for the 
disinfection of E. coli and Streptococcus feacalis fi*om deionized water for potential 
applications in wastewater treatment. The total elimination of the microorganisms 
observed after 2 hours of treatment was a direct function of silver ions released into 
the solution and contact time. Na-exchanged zeolites had no bactericidal effect. In 
similar studies undertaken by De la Rosa Gomez et al. (2008b) complete disinfection 
of E. coli in synthetic wastewater was observed after 2 hours. Furthermore the silver 
modified zeolites were used to treat real municipal wastewater with good disinfection 
achieved, though the rate of disinfection was influenced by the water composition.
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0.01-0.50mg of silver was released into the treated solutions, thus highlighting the 
need for silver recovery. De la Rosa-Gomez et al. (2008a) also demonstrated the 
effectiveness of silver modified zeolites against E. coli in fixed-bed columns with E. 
coli breakthrough observed when the amount of silver released fi*om the zeolites was 
less than 0.6pg/ml.
Other support materials that have been used for water and wastewater disinfection 
include sand (Mahmood et al., 1993), allophanic soil specimens (Onodera et al., 
2001), activated carbon fibres (Park and Jang, 2003), alumina (Chen et al., 2007; 
Chang et al., 2008), granular activated carbon (Bandyopadhyaya et al., 2008; El- 
Aassar et al., 2013), groundnut husk (Dubey et al., 2008), ceramic water filters 
(Oyanedel-Craver and Smith, 2008; Van Halem et al., 2009; Rayner et al., 2013), 
bacterial carrier matrix (De Gusseme et al., 2010), polymeric microspheres 
(Gangadharan et al., 2010), Chabazite (Haile et al., 2010), paper (Dankovich and 
Gray,2011), cylindrical polypropylene filters (Heidarpour et al., 2011), fibreglass 
(Nangmenyi et al., 2011), cation resins (Mpenyana-monyatsi et al., 2012), porous 
carbon substrates (Karumuri et al., 2013), alginate beads (Lin et al., 2013), resin 
beads (Mthombeni et al., 2012), silica beads (Quang et al., 2013), and egg shells 
(Apalangya et al., 2014).
In practice, silver modified materials have been employed as point-of-use water 
treatment technologies as the high cost of silver may be prohibitive for large scale 
applications (Lin et al., 2013). For instance, silver coated point-of-use ceramic water 
filters have been promoted by non-governmental organizations (NGOs) and 
effectively used for water disinfection in households (Oyanadel-Craver and Smith, 
2008; Bielefeldt et al., 2009). In some studies, the development of silver modified 
materials has been tailored specifically towards point-of use applications. Dankovich 
and Gray (2011) developed and tested a silver nanoparticle impregnated bactericidal 
paper. They achieved up to 6 log removal of microorganisms thus indicating the 
potential for use as a light easily deployable emergency point-of-use water 
purification system. In another study, Lin et al. (2013) demonstrated the 
effectiveness of silver nanoparticle-alginate composite beads in column systems with 
100% disinfection achieved thus indicating the potential for application as a point-of- 
use drinking water treatment system. It is pertinent to consider that the application of
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these materials on a larger scale may become an attractive option if there is a means 
of recovering valuable silver released from these materials during treatment for 
potential reuse which is one of the objectives of the present research.
2.3.3 Mechanism of Antibacterial Action
The mechanism of silver antibacterial activity is not fully understood, however 
several studies provide valuable insight into the metal-bacteria interactions which 
lead to cell death (Chen et al., 2007; Ahmad et al., 2013; Lemire et al., 2013). Silver 
nanoparticles and ions have similar mechanisms of antibacterial action (Pal et al.,
2007) and target multiple sites in the bacteria cell exerting different antibacterial 
actions that overpower and kill the cell (Li et al., 2010; Hall Sedlak et al., 2012). The 
antibacterial action involves several processes including the interaction of silver with 
proteins and enzymes in the cell wall and cytoplasmic membrane, disruption of the 
respiratory chain and other essential cell function, interaction with the cell DNA and 
the generation of reactive oxygen species (ROS) catalysed by silver ions (Davies and 
Etris, 1997; Schierholz et al., 1998; Chamakura et al., 2011). The antibacterial 
mechanisms reported in the literature are illustrated in Figure 2.3.
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Figure 2.3. Mechanisms of antibacterial action (Reproduced from Li et al., 2008)
Bacterial cells come in contact with silver ions/nanoparticles possibly enhanced by 
electrostatic attraction between the positively charged silver ions and the negatively 
charged cell wall (Choi et al., 2008; Ahmad et al., 2013). These silver ions penetrate 
the cell wall (Feng et al., 2000) or may gain entry into the cell via existing transport
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channels (Chang et al., 2008). In the bacterial cell wall and on the surface of the 
bacteria, silver reacts with sulfhydryl (-S-H) groups in cell proteins resulting in the 
formation of R-S-S-R bonds which inhibit cell respiration and essential electron 
transfer leading to cell death (Davies and Etris, 1997; Ahmad et al., 2013; Lemire et 
al., 2013). Silver particles also accumulate in the cell membrane thus increasing the 
permeability of the cells (Pal et al., 2007; Li et al., 2010; Ahmad et al., 2013). 
According to Sondi and Salopek-Sondi (2004), the increase in permeability is due to 
the release of lipopolysaccharide (LPS) molecules and membrane proteins. Silver 
ions and nanoparticles exert observable changes in the cell morphology some of 
which have been investigated via electron microscopy. In other studies, TEM images 
of cells exposed to silver ions and nanoparticles revealed misshapen and severely 
damaged cells with pits and gaps in the cell wall, shrinkage of the cell membrane and 
cytoplasmic membrane, detachment of the cytoplasmic membrane from the cell wall, 
fragmentary membranes, dispersion and dissolution of membrane vesicles and 
precipitation of electron dense granules around damaged cells which might be causes 
or consequences of cell death (Feng et al., 2000; Sondi and Salopek-Sondi, 2004; 
Chang et al., 2008; Jung et al., 2008; Li et al., 2010; Marambio-Jones and Hoek, 
2010; Ahmad et al., 2013). In contrast to these findings, Yamanaka et al. (2005) 
observed that silver ions are also able to penetrate the cell by entry through the ion 
transport channels without damaging the cell membrane. The definite route of entry 
of toxic metals such as silver is still unknown, however silver ions may bind with 
ligands such as amino acid, phosphate and peptides to gain entry into the cell 
(Lemire et al., 2013). The findings of Chang et al. (2008) indicate that the extent of 
damage to the cell wall after exposure to silver ions and the entry route is influenced 
by the solution chemistry.
The increased cell permeability also allows for uncontrolled transport and 
intracellular accumulation of silver ions (Pal et al., 2007; Lemire et al., 2013). Silver 
ions gain entry into the cytoplasmic membrane where they bind to and interact with 
thiol and functional groups in the cell enzymes and proteins, thus disrupting essential 
functions such as substrate utilization and adenosine triphosphate (ATP) production 
(Feng et al., 2000; Pal et al., 2007; Chang et al, 2008; Jung et al., 2008; Marambio- 
Jones and Hoek, 2010; Hall Sedlak et al., 2012). The release of intracellular contents 
including reducing sugars, proteins and potassium from the cytoplasm due to
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increased permeability or complete destruction of the cell membrane has also been 
observed and reported in the literature (Feng et al., 2000; Matsumara et al., 2003; 
Chang et al., 2008; Jung et al., 2008; Li et al., 2010).
Inside the cytoplasm, the silver ions also interact with the cell DNA. The genetic 
information necessary for cell replication and growth is encoded in the DNA which 
has to be in a relaxed state for effective replication (Feng et al., 2000; Li et al., 2010). 
However silver ions cause DNA condensation and consequent loss of replication 
abilities (Feng et al., 2000; Pal et al., 2007; Chang et al., 2008; Li et al., 2010). 
According to Yamanaka et al. (2005), silver ions also denature ribosomes in the 
cytoplasm thus suppressing the expression of essential enzymes such as maltose 
transporter, fiuctose-biphosphate aldolase and succinyl-CoA synthetase necessary for 
ATP production which sustains cell life.
Silver affects respiratory chain enzymes such as NADH (nicotinamide adenine 
dinucleotide) dehydrogenase in the cytoplasm thus inhibiting cellular respiration, 
substrate oxidation and normal metabolic processes (Bragg, 1974; Li et al., 2010; 
Marambio-Jones and Hoek, 2010; Matsumara et al., 2003).
The antibacterial action of silver has also been attributed to oxidative stress due to 
the generation of reactive oxygen species (ROS) via silver catalysed oxidation 
(Davies and Etris, 1997; Inoue et al., 2002; Le Pape et al., 2004; Chen et al., 2007; 
Chang et al., 2008; Park et al., 2009). ROS are highly reactive oxidants with a short 
life span. They include superoxide-radical (O2 ), hydroxyl radical (*0H), hydrogen 
peroxide (H2O2), singlet oxygen ( 0^ 2 ) (Chen et al., 2007; Chang et al., 2008; Park et 
al, 2009). ROS may be generated intracellularly (Park et al., 2009) or on the surface 
of silver modified materials (Chang et al., 2008). The generation of ROS has been 
investigated using OH scavengers with findings indicating that disinfection was a 
function of silver species on the solid support material and/ or released into the 
solution which catalysed the adsorbed oxygen to form ROS. The ROS destroyed the 
cell wall resulting in possible respiratory inhibition and eventual cell death (Le Pape 
et al., 2004; Chen et al., 2007; Chang et al., 2008; Park et al., 2009).
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2.3.4 Bacterial Silver Resistance
Silver resistance though reported in the literature is less common compared to other 
antibacterial agents. However the widespread use of silver makes it imperative to 
monitor the development of resistance in bacteria (Silver, 2003; Silver and Phung, 
2005; Brett, 2006). Microorganisms have evolved mechanisms for coping with metal 
ions. These mechanisms include (i) efflux of metal ions which may be plasmid 
mediated (iii) sequestration of metal ions at the bacterial cell wall by ion binding cell 
components (ii) intracellular accumulation and complexation of metal ions (iii) 
intracellular and extracellular enzymatic reduction of metal ions to less toxic forms 
and (iv) expression of protective enzymes (Silver, 1992; Slawson et al., 1992; Silver 
and Phung, 2005; Park et al., 2009; Narayanan and Sakthivel, 2010; Lemire et al.,
2013).
Li et al. (1997) induced resistivity in silver susceptible E. coli strains via repeated 
exposure to increasing concentrations of silver nitrate. They observed that the 
resistant bacterial strains were able to pump out silver ions from the cell while the 
presence of plasmids reduced the accumulation of silver. However the influx of 
higher concentrations of silver could overwhelm the efflux system leading to 
accumulation of high intracellular concentrations of silver. Cell membrane proteins 
may also bind to and promote the active efflux of metal ions (Silver, 1996; 
Narayanan and Sakthivel, 2010).
The toxicity of metal species is dependent on their oxidation state (Spain, 2003). Bio­
precipitation of metal ions as crystals or oxides, nanoparticles and clusters via the 
reduction of metal ions to less toxic zero-valent species is one of a number of 
resistance mechanisms microorganisms exhibit in response to toxic metal ions 
(Silver, 1996; Nies, 1999; Lemire et al., 2013). The intracellular and extracellular 
synthesis of silver crystals by bacteria including E. coli have been reported in the 
literature (Choi et al., 2008; Narayanan and Sakthivel, 2010; Maliszewska, 2011; 
Hall Sedlak et al., 2012). In extracellular synthesis, the bacterial cells release 
extracellular peptides which bind to the toxic silver ions reducing them to less 
reactive metallic particles (Ag®) (Narayanan and Sakthivel, 2010; Hall Sedlak et al., 
2012) while intracellular synthesis can occur within the reductive environment in the 
cytoplasm (Lemire et al., 2013). Narayanan and Sakthivel (2010) reported the
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microbial synthesis of nanoparticles via reduction to insoluble nanoclusters which 
are non-toxic. However, nanoparticle synthesis is said to occur at lower 
concentrations of silver when the cell is able to protect itself while at higher silver 
concentrations the cell is overwhelmed by the attacking ions resulting in death 
(Deepak et al., 2011).
Microbial resistance to antibacterial agents such as silver is also enhanced by the 
formation of biofilms consisting of bacterial cells and extracellular polymeric 
substances (EPS). EPS consisting of proteins, nucleic acids and polysaccharides 
maintains the structural integrity of biofilms and protects enclosed microorganism 
thus diffusing the antibacterial effect especially at low silver concentrations (Chaw et 
al., 2005; Monteiro et al., 2009; Su et al., 2013).
Bacteria also express protective enzymes in response to silver antibacterial action. 
According to Park et al. (2009) E. coli has an oxidative stress sensory system which 
expresses antioxidant enzymes in response to the generation of ROS. Le Pape et al. 
(2004) also mention the expression of oxidant defence enzymes such as catalase and 
peroxidase and the existence of DNA repair systems and genomic surveillance 
mechanisms for cell protection.
The exposure of bacterial strains to sub lethal concentrations encourages the 
development of resistance over a period of time. However the use of adequate 
concentrations of silver in disinfection applications will decrease the chances for and 
occurrence of resistance and mutation (Li et al., 1997; Brett, 2006).
2.3.5 Factors that Influence Disinfection Efficiency
The disinfection efficiency of silver and silver modified materials is influenced by 
several factors including the nature of support materials, concentration of silver, 
spéciation of silver, contact time, type of microorganisms, temperature, pH and water 
chemistry.
2.3.5.1 The Support Material
The origin, composition and properties of support materials determine the amount of 
antibacterial silver that can be exchanged onto them, the amount of silver released 
and hence the rate of disinfection (Monteiro et al., 2009). Sonoran and Oaxacan 
zeolites with Si/Al ratios 4.46 and 5.47 respectively were modified with silver via ion
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exchange. Less silver was exchanged onto the Sonoran zeolite (30mgAg/g zeolite) 
which required 7.8% higher contact time than the Oaxacan zeolites (139mgAg/g) to 
attain similar disinfection levels under the same experimental conditions. In addition 
it was observed that the lower the concentration of silver in the zeolite (Sonoran 
zeolite), the more influential the particle size was on the amount of silver released 
into the solution and consequently the disinfection efficiency (De la Rosa Gomez et 
al., 2008b; De la Rosa Gomez et al., 2010). Pre-treatment of silver modified zeolites 
also influence the rate and ease of silver desorption from the crystalline material 
(Copcia et al., 2011). In disc diffusion assays investigating the performance of egg 
shell/silver nanoparticles composite on E. coli, it was observed that the particle size 
of the material plays a role in ensuring uniform dispersion during treatment 
(Apalangya et al., 2014).
2.3.S.2 Concentration of Silver
The disinfection efficiency depends on the amount of silver incorporated into and 
released fi*om the support material. However the actual concentration of silver 
required for treatment is dependent on other system variables. Several studies have 
established a direct correlation between disinfection and the amount and rate of silver 
released in the solution during treatment (Bandyopadhyaya et al., 2008; Chang et al., 
2008; De la Rosa-Gomez et al., 2008b; Kwakye-Awuah et al., 2008; Dankovich and 
Gray, 2011; Nagy et al., 2011; Pathak and Gopal, 2012). In a study investigating the 
disinfection performance of silver modified activated carbon, it was observed that the 
rate of disinfection increased with increase in the concentration of silver with slight 
inhibition of E. coli cells observed at O.OOSmol/lAgNOs and maximum antibacterial 
activity when the concentration of silver was increased to 1 mol/1 (Bandyopadhyaya 
et al., 2008). The mass of silver modified material used in treatment determines the 
amount of silver available for disinfection (De la Rosa-Gomez et al., 2008a; Dubey 
et al., 2008; Copcia et al., 2011). Copcia et al. (2011) observed a marked difference 
in the disinfection achieved with O.lmgAg zeolite/ml and 0.2mgAg zeolite/ml in agar 
diffusion assays with inhibition and complete elimination of bacterial colonies 
respectively. Similarly, Dubey et al. (2008) observed that E. coli disinfection 
increased with increase in the mass of silver modified groundnut husk used in batch 
studies.
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2.3.5.3 Spéciation of Silver
Silver spéciation as free ions, clusters, metallic particles, complexes, nanoparticles or 
a combination of these on the solid support material and in solution is the main driver 
of antibacterial activity as silver has to be in contact with bacterial cells in the right 
form to exert antibacterial action (Zhao and Stevens Jr., 1998; Haile et al., 2010; 
Lalueza et al., 2011; Zhang and Oyanedel Graver, 2012). Concepcion-Rosabal et al. 
(2006) investigated the performance of elinoptilolite containing silver in different 
states, i.e. ions, clusters and nanoparticles. They observed that the silver clusters 
were less accessible than silver ions and nanoparticles which were more effective 
against E. coli. The reduction of silver on the zeolite surface may lead to the 
formation of aggregates which decrease porosity and make it more difficult for the 
bacteria cells to come in contact with silver ions (Haile et al, 2010). Egger at al. 
(2009) compared the antibacterial performance of silver-silica nanocomposite, silver 
nitrate and silver zeolites against microorganisms including E. coli, salmonella 
species, E. faecalis and S. aureus. They observed that the release of active silver 
species was more critical to disinfection efficiency than the relative silver content of 
the modified materials. The silver zeolite was 10 times more effective in inhibiting 
bacteria due to the rapid release of higher concentrations of active silver ions into the 
aqueous system while the release of silver ions from nanoparticles in the silica matrix 
was slower and more controlled with long lasting effects. However they highlighted 
the fact that both materials are suitable for different applications depending on the 
rate and duration of antibacterial activity required. Sotiriou and Pratsinis (2010) 
observed that the antibacterial activity of silver nanoparticles is size dependent, with 
smaller nanoparticles (<10nm) having a higher antibacterial effect due to enhanced 
uptake and release of silver ions.
2.3.5.4 Contact Time
The disinfection efficiency is also dependent on the contact time between the active 
silver species and the microorganisms as the amount of silver released increases with 
time (Onodera et al., 2001; Bandyopadhyaya et al., 2008). De la Rosa-Gomez et al. 
(2008b) investigated the performance of silver modified elinoptilolite for E. coli 
removal. They suggest that disinfection occurred as a two-step process with rapid 
desorption of silver ions within the first 45 minutes of contact and subsequent 
interaction between the cells and silver ions resulting in cell death. During the first
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stage (45 minutes), the concentration of silver was too low to eliminate bacterial 
cells, however when the concentration reached O.OSmgAg/l the cells began to interact 
with complete disinfection achieved after 2 hours of contact. In another study, Dubey 
et al. (2008) observed that the disinfection efficiency of silver modified groundnut 
husk against E. coli cells in water increased from 94.5% within 20 minutes to 99.7% 
after 60 minutes of treatment.
2.3.5.5 Microorganism
Silver is effective against a wide spectrum of microorganisms, however 
microorganisms have varying degrees of resistance to antimicrobial agents. For 
instance, studies have shown that gram-negative bacteria such as E. coli are more 
susceptible to silver ions than gram-positive bacteria such as S. aureus (Dankovich 
and Gray, 2011; Nagy et al., 2011). This may be due to the fact that gram-positive 
bacteria have thicker cell walls with more peptidoglycan (~20-80nm) than gram- 
negative bacteria (~7-8nm) (Egger et al., 2009; Kanmani and Lim, 2013). In gram- 
positive bacteria, more silver ions may be trapped in the negatively charged 
peptidoglycan layer and unable to reach the cytoplasm to exert toxicity, hence a 
higher concentration of silver is required for effective disinfection (Chang et al., 
2008: Jung et al., 2008; Egger et al., 2009; Copcia et al., 2011). Onodera et al. (2001) 
investigated the effectiveness of silver loaded allophanic soil specimens against E. 
coli and S. aureus in water. They observed that up to 20 times more silver material 
(6.67g) was required for complete elimination of gram positive S. aureus than for 
gram-negative E. coli (0.33g) under the same experimental conditions. The microbial 
population size also influences disinfection as the higher the population, the higher 
the concentration of silver required for treatment. (Zhao and Stevens Jr, 1998; Dubey 
et al., 2008). Disinfection efficiency is also influenced by the existence of cells in a 
biofilm which enhances resistance to silver ions. Planktonic cells are more 
susceptible to the silver ions while biofilms require a longer contact time and higher 
concentration of silver for effective disinfection (Chaw et al., 2005; Lalueza et al., 
2011).
2.3.5.6 Water Chemistry
The chemistry of the solution being treated and the presence of other species 
influences the interaction of silver ions with bacterial cells (Chang et al., 2008; De la
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Rosa-Gomez et al., 2010). Zhang and Oyanedel-Craver (2012) investigated the 
impact of water chemistry conditions on the bactericidal effect of silver 
nanoparticles. They observed that the rate of E. coli survival increased with the 
addition of Mg^^ and Ca^^ under all experimental conditions tested while survival 
decreased in the presence of humic acid as a natural organic matter. In contrast, 
Silvestry- Rodriguez et al. (2007a) observed that the presence of humic acid as 
organic matter had no overall influence on the inactivation of P. aeruginosa and A. 
hydrophila in tap water. Hence it can be inferred that the effect of water chemistry is 
also dependent on other factors thus highlighting the difficulty in comparing 
experimental findings due to variation in the experimental conditions and materials 
tested. De la Rosa-Gomez et al. (2008a) investigating the disinfection of real 
wastewater samples using silver modified elinoptilolite in fixed-bed columns, 
observed that organic matter and chloride ions interacted with and inhibited the silver 
ions resulting in faster breakthrough of E. coli compared to synthetic wastewater 
samples. They also observed that the addition of ammonia to wastewater samples 
increased the amount of silver released into the effluent, thus enhancing disinfection. 
In a study investigating the use of silver ion exchange zeolites for combined 
disinfection and ammonia removal, Krishnani et al. (2012) suggested that the 
increased disinfection efficiency in the presence of ammonia may indicate that 
ammonia had a synergistic inhibitory effect with silver ions. The chemistry of the 
solution also influences the availability of silver as active ions for disinfection. 
Chloride ions at certain concentrations may form AgCl precipitates with silver ions 
while proteins may form complexes with silver ions thus inhibiting the effectiveness 
of silver modified material. However the inhibitory effect is dependent on the 
relative concentration of silver ions and the other solution components (Scheirholz et 
al., 1998; Silvestry-Rodriguez et al., 2007a; Lalueza et al., 2011). Electron 
microscopy studies conducted by Chang et al. (2008) revealed that solution 
chemistry influences the mechanism of silver antibacterial action. In saline solutions, 
treated cells were swollen with damaged envelopes and leakage of intracellular cell 
components while cells treated in deionized water disappeared with only cell debris 
left behind. In addition to solution chemistry, the presence of oxygen may influence 
the disinfection efficiency as some studies indicate that silver antibacterial activity is 
enhanced under aerobic conditions with the formation of ROS dependent on the
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presence of dissolved oxygen which is catalysed by silver ions (Inoue et al, 2002; 
Park et al, 2009). However, in an earlier study, Kawahara et al. (2000) demonstrated 
the antibacterial activity of silver modified zeolites against oral bacteria under 
anaerobic conditions.
2.3.5.7 pH
pH is an important factor for bacterial growth and survival with most bacterial cells 
surviving well at neutral pH (Onodera et al., 2001). Chang et al. (2008) investigating 
the inactivation of E. coli in water by silver loaded alumina observed that the 
antibacterial activity increased with increase in pH within the 4-6 range, however 
increasing the pH from 6 to 8 had no obvious effect. They suggested that the 
decomposition of ROS involved in the silver disinfection process may be enhanced 
by increase in pH thus resulting in stronger catalytic oxidation during silver 
disinfection. Onodera et al. (2001) observed no differences in the disinfection 
efficiency of silver loaded allophanic soil specimens against E. coli at pH 5 to 9. 
Similarly, Silvestry-Rodriguez et al. (2007a) observed no differences in the 
disinfection P. aeruginosa and A. hydrophila in tap water by silver at pH 7 and 9. In 
contrast Pathak and Gopal (2012) reported that the disinfection efficiency of silver 
ionizing unit generated ions against E. coli in water increased at alkaline pH values 
(8 and 9). These findings indicate that the effect of pH on disinfection efficiency may 
be dependent on other factors such as the type of microorganism and the support 
material. However at lower pH levels (<4), cell death will be the synergistic effect 
of silver ions and acidic conditions (Dubey et al., 2008).
2.3.5.8 Temperature
The rate of bactericidal activity increases with increase in temperature. Chang et al. 
(2008) observed a dramatic increase in bactericidal activity of silver modified 
alumina against E. coli with increase in temperature from 25°C to 40°C. Similarly, 
Silvestry-Rodriguez et al. (2007a) reported higher inactivation of P. aeruginosa and 
A. hydrophila in tap water by silver at 24°C than at 4°C.
2.3.6 Disinfection in Fixed-Bed Column Systems
The disinfection performance of some silver modified materials have been tested in 
fixed-bed column systems with promising results. These materials include silver- 
embedded granular activated carbon (Bandyopadhyaya et al., 2008), silver modified
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clinoptilolite-heulandite rich tuff (De la Rosa-Gomez et ah, 2008), silver-modified 
iron oxide nanoparcle impregnated fibreglass (Nangmenyi et al., 2011)silver 
nanoparticles coated resins (Mthombeni et al., 2012), silver nanoparticles coated on 
activated carbon granules (El-Aassar et al., 2013), silver nanoparticle-alginate 
composite beads (Lin et al., 2013) and silver nanoparticle containing silica beads 
(Quang et al., 2013). Under dynamic flow conditions, disinfection is influenced by 
several factors including the mass of material/bed height, flow rate and initial 
concentration of microorganisms (De la Rosa-Gomez et al., 2008a; Mthombeni et al., 
2012; Lin et al., 2013; Quang et al., 2013). De la Rosa-Gomez (2008a) compared the 
E. coli disinfection performance of two columns packed with 100 and 200mg of 
silver modified elinoptilolite. They observed that the mass of zeolite influenced the 
disinfection performance of the system and the amount of silver released into the 
solution during treatment with higher disinfection efficiency achieved in the 200mg 
bed. Similarly, Mthombeni et al. (2012) investigated the effect of experimental 
variables on the performance of silver nanoparticle coated resins for the disinfection 
oiE. coli. They observed that the breakpoint increased with increase in bed mass due 
to the increased availability of antibacterial silver and contact time with the 
antibacterial material. Conversely, the breakpoint decreased with increase in flow 
rate. Increase in the initial E. coli concentration resulted in faster breakthrough as 
more silver was required to inactivate bacteria cells at higher concentrations. 
However the amount of bacteria removed increased with increase in bacterial loading 
due to enhanced contact between silver particles and bacterial cells. Quang et al. 
(2013) observed that the disinfection efficiency of silver nanoparticle containing 
silica beads was influenced by the flow rate with complete (100%) inactivation of E. 
coli achieved at lower flow rate of 220ml/min and 99.8% at a flow rate of 550ml/min 
when contaminated water was passed through the filter.
2.3.7 Health and Environmental Impacts of Silver
In recent years, the proliferation of silver based products has heightened concerns 
about possible health and environmental risks with an ongoing global debate, 
divergent views and increased interest in the behaviour of silver in biological and 
aquatic systems (Blaser et al., 2008; Behra et al., 2013; Dobias and Bemier-Latmani, 
2013; Boholm and Arvidsson, 2014). However the toxicity of silver to humans has 
not been established with the only reported side effect at high concentrations being
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agyria, a blue or grey discolouration of the skin and hair (Amato et al., 2011; Behra 
et al., 2013). According to the WHO (2011) there is no health based limit for silver in 
water and 0.lmg/1 can be tolerated without any health risks with lifetime oral 
^NOAEL of lOg. The US EPA (2009) lists silver as a contaminant of cosmetic 
concern in the non-enforceable national secondary drinking water regulations with a 
secondary maximum contaminant level of 0. lmg/1.
2.4 Natural Zeolites for the Removal of Heavy Metals from 
Aqueous Solutions
2.4.1 Natural Zeolites
Natural zeolites are crystalline hydrated alumino-silicate minerals formed at low 
pressure and temperature in the presence of water and found in volcanic sedimentary 
rocks. They consist of a tetrahedral framework of silicon and aluminium atoms 
linked by shared oxygen atoms with an open (porous) structure of channels and voids 
occupied by water molecules and exchangeable extra framework cations (mainly Na, 
Ca, K, Mg). These cations balance the original negative charge of the framework 
induced by the isomorphic substitution of AP^ for in the crystal lattices 
(Mumpton and Ormsby, 1976; Coombs et al., 1997; Mumpton, 1999; Armbruster 
and Gunter, 2001; Castaldi et al., 2008; Wang and Peng, 2010).
Zeolite deposits are found in several countries including USA, UK, Italy, Serbia, 
Cuba, Mexico, Greece, Bulgaria, Jordan and Iran (Babel and Kumiawan, 2003; 
Cincotti et al., 2006; Bedelean et al., 2009; Shoumkova, 2011). In these deposits, two 
or more zeolite phases usually coexist with varying amounts of impurities such as 
quartz and feldspar (Mumpton and Ormsby, 1976). Natural zeolites include 
elinoptilolite, heulandite, chabazite, faujasite, mordenite, phillipsite, stillbite 
analcime and erionite (Mumpton, 1999; Cincotti et al., 2006; Wang and Peng, 2010).
2.4.1.1 elinoptilolite
elinoptilolite is the most common natural zeolite and a member of the heulandite 
group (HEU) (Babel and Kumiawan, 2003; Akdeniz and Ulku, 2008). elinoptilolite 
and heulandite possess identical framework stmctures but are distinguished on the 
basis of Si/Al ratio- elinoptilolite Si/Al ratio > 4.0 and heulandite Si/Al ratio < 4.0
No observable adverse effect level
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(Coombs et al., 1997; Armbruster, 2001). The general chemical formula of 
elinoptilolite can be written as (Armbruster, 2001):
(Na, K) 6 [Ale Sbo O72] 2 OH2O 2.1
The heterogeneous porous structure of elinoptilolite consists of micropores (primary 
porosity) and meso and macropores (secondary porosity) (Dabrowski et al., 2001; 
Sprynskyy et al., 2010). Other characteristics include high relative thermal stability 
(600-800°C), void volume of 34% and channel dimensions-3.9 x 5.4Â. The average 
cation exchange capacity (CEC) calculated from the unit cell formula is 2.16meq/g 
(Mumpton, 1999; Kowalczyk et al., 2006). Like other natural zeolites it is ideally 
suited for the removal of cations due to its high chemical stability, high rate of 
sorption and easy regeneration (Curkovic et al., 1997; Korkuna et al., 2006; Gunay et 
al., 2007; Wang and Peng, 2010). Several studies have demonstrated that 
elinoptilolite has good ion exchange properties and is highly selective towards 
ammonium ions and heavy metals such as lead, cadmium and zinc (Kesraoui-Ouki et 
al., 1993; Curkovic et al., 1997; Babel and Kumiawan, 2003; Athanasiadis and 
Helmreich, 2005; Wang and Peng, 2010).
2.4.1.2 General Applications
Zeolites possess ion exchange, adsorption, catalytic, dehydration-rehydration and 
molecular sieving properties (Mumpton and Ormsby, 1976; Mumpton, 1999; 
Dabrowski et al., 2001).They are also cost effective and environmentally friendly 
(Babel and Kumiawan, 2003). Due to their unique properties, they are employed in a 
diverse range of applications including adsorption, ion exchange, catalysis, energy 
production, animal nutrition, horticulture, biomedical applications, pollution control 
and remediation, aquaculture, water and wastewater treatment, light weight 
aggregates, gas purification, air purification, nuclear waste remediation, animal 
nutrition supplements, soil amendment, constmction, nuclear waste management, 
consumer products, medical applications and antibacterial support materials 
(Curkovic et al., 1997; Mumpton, 1999; Armbmster, 2001; Chmielewska et al., 
2002; Rehakova et al., 2004; Bogdanov et al., 2009; Wang and Peng, 2010).
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2.4.1.3 Water and Wastewater Treatment Applications
Natural zeolites have been used for the removal of ammonium, heavy metals and 
cationic dyes from water and wastewater (Wang and Peng, 2010; Shoumkova, 2011). 
Natural zeolites are excellent for ammonium removal as demonstrated in several 
studies (Lebedynets et al, 2004; Du et al, 2005; Englert and Rubio, 2005; Ji et al, 
2007; Wang and Peng, 2010; Erdogan and Ulku, 2011). Lebedynets et al. (2004) 
investigated the use of natural elinoptilolite for the removal of ammonium ions from 
synthetic solutions under batch conditions. The maximum adsorption capacity was 
0.64meq/g. The ammonia removal performance of a Chilean natural zeolite was 
investigated with removal capacities of up to 0.68meq/g achieved (Englert and 
Rubio, 2005). In another study, Wang et al. (2006) investigated the removal of 
ammonia from sewage sludge leachate solution using natural Chinese elinoptilolite 
in batch systems. The maximum adsorption capacity was 1.74mg NH4 -N/g as 
equilibrium was reached within 2.5 hours of contact.
Natural zeolites have also been tested for the removal of cationic dyes from aqueous 
solutions (Wang and Zhu, 2006; Wang and Peng, 2010).Wang and Zhu (2006) 
investigated the performance of an Australian natural zeolite for the removal of 
rhodamine B and methylene blue with maximum adsorption capacities of 2.8x10'^ 
and 7.9x10"^ mol/g at 50°C respectively and recovery of 60% capacity after 
regeneration.
The net negative framework charge and hydrophilicity of natural zeolites translates 
to low or non-existent affinity for anions and organics respectively. However, 
surfactant modification alters the surface properties of the zeolites via the addition of 
hydrophobic functional groups. This enhances their capacity to adsorb inorganic 
anions, anionic dyes and organics from aqueous solutions as demonstrated in some 
studies (Benkli et al., 2005; Wingenfelder et al., 2006; Wang and Peng, 2010). Anion 
removal has also been achieved using ion-exchanged zeolites (Davila-Gimenez et al., 
2008; Wang and Peng, 2010). Wingenfelder et al. (2006) investigated the removal of 
antimonite from aqueous solutions using hexadecyltrimethylammonium (HDTMA)- 
modified zeolites which enhanced the adsorption capacity with up to 42% removal 
from treated solutions. In another study, the use of Fe-modified elinoptilolite for
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arsenic removal was investigated with arsenite and arsenate adsorption capacities of 
12pg/g and 6pg/g respectively (Davila-Gimenez et al., 2008).
2.4.2 Metal Removal Applications
The use of natural zeolites for the removal of heavy metals such as Pb, Cd, Zn, Cu, 
Ag, Mn and Ni from aqueous solutions has been extensively investigated and 
documented in the literature with high metal removal efficiencies achieved 
(Kesraoui-Ouki et al., 1993; Curkovie et al., 1997; Cincotti et al., 2001; Bektas and 
Kara, 2004; Erdem et al., 2004; Inglezakis and Grigoropolou, 2004; Medvidovic et 
al., 2006; Inglezakis et al., 2007; Baker et al., 2009; Can et al., 2010; Wang and 
Peng, 2010). The findings of some of these studies are summarized in this section 
while the adsorption capacities of Pb, Cd and Zn on clinoptilolite are presented in 
Table 2.7. Kesraoui-Ouki et al. (1993) investigated the removal of Pb and Cd from 
synthetic wastewater using as-reeeived and NaCl conditioned clinoptilolite and 
chabazite zeolites. The maximum removal capaeities at initial concentrations of 
lOOOmg/1 for as-received clinoptilolite were 60 mg/g for Cd and 62mg/g for Pb while 
for pre-treated clinoptilolite they were 70 mg/g for Cd and lOOmg/g for Pb. 
Similarly, Curkovie et al. (1997) investigated the removal of Pb and Cd by 
clinoptilolite with up to 90-99% metal uptake achieved and higher selectivity 
towards the Pb ions. In another study, Bektas and Kara (2004) investigated the 
removal of Pb from aqueous solutions using natural and NaCl activated elinoptilolite 
fractions in batch experiments. The metal removal process was influenced by 
operating parameters and the maximum adsorption capacity of Pb on clinoptilolite 
was 166mg/g. Oren and Kaya (2006) investigated the uptake of zine by Gordes and 
Bigadic clinoptilolite samples. The adsorption eapacities for zinc ions were 6 and 
3mg/g for Gordes and Bigadic zeolites respeetively.
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Table 2.7. Heavy metal adsorption on clinoptilolite
Metal Adsorption Capacity (mg/g) Reference
Pb 62 Kesraoui-Ouki et al., 1993
78.7 Curkovie et al., 1997
166 Bektas and Kara, 2004
27.98-124.32* Cincotti et al., 2006
27.7 Sprynskky et al., 2006
80.933 Gunay et al., 2007
33.7 Inglezakis et al., 2007
145.04* Llanes-Monter et al., 2007
27.12 Minceva et al., 2007
200.54 Kleinubing et al., 2008
40.4 Calvo et al., 2009
66 Kragovic et al., 2012
115 Ismael et al., 2012
16.81 Karatas, 2012
Cd 60 Kesraoui-Ouki et al., 1993
13.5 Curkovie et al., 1997
4.1* Alvarez-Ayuso et al., 2003
2.81-10.68* Cincotti et al., 2006
4.22 Sprynskky et al., 2006
5.18 Minceva et al., 2007
6.75-10.12* Gedik and Imamoglu, 2008a
Zn 3.1* Alvarez-Ayuso et al., 2003
10.88 Trgo and Peric, 2003
8.76* Erdem et al., 2004
3.93 Minceva et al., 2007
3.27* Cincotti et al., 2006
17.9 Çoruh, 2008
71.3 Dimirkou and Doula, 2008
16.3 Stojakovic et al., 2011
* original m eq/g converted to  m g/g
Sprynskky et al. (2006) investigated the removal of heavy metals (Ni, Cu, Pb, Cd) 
from single and multicomponent solutions using raw and pre-treated clinoptilolite 
under batch conditions. They reported maximum adsorption capacities of 27.7, 25.76 
and 13.02 mg/g at initial concentration of 800mg/l for Pb, Cu and Ni respectively 
while the maximum sorption eapacity for Cd was 4.22mg/g at initial concentration of 
80mg/l. Minceva et al. (2007) investigated the removal of Pb, Cd and Zn from single 
and binary metal solutions using natural clinoptilolite. The maximum monolayer 
adsorption capacities were 27.17 mg/g, 5.18mg/g and 3.93mg/g, for Pb, Cd and Zn
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respectively. The order of metal ions selectivity was Pb>Cd>Zn. Coruh (2008) 
investigated the removal of Zn from aqueous solutions using as-received and NaCl 
conditioned clinoptilolite samples. Conditioning improved the adsorption capacity 
and removal efficiency of the zeolites with metal removal efficiencies of 90.7-99.7% 
achieved. Kleinubing et al. (2008) investigated Pb removal using clinoptilolite in 
batch and column systems with maximum lead adsorption capacity of 200.54mg/g. 
Baker et al. (2009) evaluated the metal removal performance of a Jordanian zeolite in 
batch and column systems. The zeolite was more selective towards Pb ions and the 
selectivity followed the trend: Pb>Cd>Cu>Zn. Bedelean et al. (2009) investigated 
the removal of zinc under static conditions. The maximum uptake was 80% with the 
initial metal concentration and the properties of the clinoptilolite being the major 
factors that determined the removal efficiency. Karatas (2012) investigated the 
removal of Pb using natural zeolite and they achieved maximum removal efficiency 
of 92%.The adsorption capacity of the zeolite-clinoptilolite was 16.81mg/g.
It can be clearly observed that natural zeolites are highly selective towards Pb ions. 
This has been attributed mainly to the relative metal ionic sizes amongst other 
factors. Metal ions may be unable to reach active sites in zeolites when their ionic 
size exceeds the internal pore dimensions, thus hydrated metal ions need to lose 
some of their waters of hydration to pass through the zeolite channels (Ouki and 
Kavanagh, 1997; Trgo et al., 2006; Alvarez-Ayuso et al., 2003; Ziyath et al, 2011). 
Table 2.8 presents some selectivity series reported in some studies.
Table 2.8. Natural clinoptilolite selectivity series
Selectivity Series Reference
Pb^+>Cu^^Cd^+>Zn^t>Cf+>Co^^Ni^+ Ouki and Kavannagh, 1997
NH4+>Pb^^Nat>Cf+>Cu^+=Zn^+ Langella et al., 2000
Pb^+>NH4+>Cii^+>Cf+>Zn^+ Cincotti et al., 2001
Pb^^Cd^^Cu^t>Zn^+>Ni^+ Panayotova and Velikov, 2002
Pb^+>Cu^+>Cd^+=Zn^+ Cincotti et al., 2006
Pb^^Cd^t>Zn^+=Cu^+ Caputo and Pepe, 2007
Pb^^Cd^t>Zn^+ Minceva et al., 2007
Pb^+>Cd^^Cu^+>Zn^+ Baker et al., 2009
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2.4.3 Heavy Metal Removal Mechanisms
Metal uptake by zeolites is a complex process involving several mechanisms (Sen 
Gupta and Bhattacharyya, 2011). Metal removal occurs in several stages , one or 
more of which could be the rate limiting step(s) viz: (i) bulk diffusion of metal ions 
from the solution to the particle surface boundary film (ii) film diffusion of metal 
ions through the boundary film layer onto the actual surface of the zeolite particle 
(iii) intraparticle diffusion of metal ions from the surface through the micro and 
macro pores of the mineral onto the available internal sorption sites (iv) interaction 
between the sites through different mechanisms including ion exchange, adsorption, 
precipitation and complexation (Dabrowski, 2001; Trgo et al., 2006; Curkovie et al., 
2011; Sen Gupta and Bhattacharyya, 2011; Karatas, 2012). In a study on metal 
removal using clinoptilolite, Sprynskky et al. (2006) observed rapid adsorption on 
the zeolite microcrystal surfaces followed by a short duration ‘inversion stage’ of 
desorption due to the counteractive effect of framework cations which temporarily 
occupy the surface sites as they move out of the zeolite and a slower ion exchange 
process within the internal pores of the zeolite.
Ion exchange (outer sphere complexation) involves the rapid diffusion of metal ions 
through the zeolite pores, slower diffusion through the lattice channels and 
replacement of the exchangeable ions and possibly ions of the surface hydroxyl 
groups (Akgul et al., 2006; Kragovic et al., 2012). In studies on Zn exchange onto 
natural zeolites, it was observed that ion exchange was nonstoichiometric, thus 
indicating the occurrence of other mechanisms of interaction including simultaneous 
intraparticle adsorption of Zn species and zeolite hydrolysis (Trgo and Peric, 2003; 
Trgo et al., 2006). Similarly Peric et al. (2004) investigating the removal of Zn, Cu 
and Pb using natural clinoptilolite observed that metal removal was due to multiple 
mechanisms. They also suggested that the non-stoichiometry of ion exchange may be 
due to the adsorption of positive monovalent hydroxyl species on the internal 
surfaces of the zeolite thus blocking the diffusion of ions to exchangeable sites in the 
zeolite pores.
The mechanisms of adsorption may be chemisorption (inner sphere complexation) 
involving strong chemical interactions between ions and the adsorbent surface or 
physisorption involving the formation of weak bonds involving universal Van der
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Waals forces. Chemisorption involves monolayer formation while physisorption is 
reversible (Dabrowski et al., 2001; Trgo et al., 2006; Sen Gupta and Bhattacharyya, 
2011; Kragovic et al., 2012).
Metal sorption/exchange sites in the zeolite are characterized by their availability and 
accessibility. The availability refers to the number of sites that can be occupied by 
ions and is related to the equilibrium behaviour of the adsorbent which is described 
by adsorption isotherms. The accessibility has to do with the ease of access and 
diffusion of ions to the available sites and is a function of the system kinetics 
(Inglezakis et al., 2004; 2007).
2.4.4 Adsorption Isotherms
The adsorption isotherm is a graphical representation of the mathematical correlation 
between the solid and liquid-phase concentration at equilibrium (Dabrowski et al., 
2001; Foo and Hameed, 2010; Karatas, 2012). This is important for modelling, 
design, optimization and operation of treatment systems (Foo and Hameed, 2010; 
Malamis and Katsou, 2013).
2.4.4.1 Langmuir Isotherm
The Langmuir Isotherm was originally developed for the description of gas 
adsorption onto a solid adsorbent. It is based on the assumption that adsorption is 
homogenous with monolayer adsorption occurring only on a fixed number of definite 
adsorption sites with equal affinity for the adsorbate and no interaction between 
adjacent molecules. Hence sites occupied by molecules are no longer available for 
sorption and the isotherm reaches a plateau of equilibrium saturation (Bulut and 
Baysal, 2006; Foo and Hameed, 2010; Chiban et al., 2011).
The Langmuir equation is expressed as follows:
2.2
The linearized form of this isotherm can be written as follows:
-  =  ^  + ^  2.39e 6Qo Qo
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Where qe is the amount of adsorbate adsorbed by the adsorbent at equilibrium
(mg/g); Qo is the maximum monolayer coverage capacity (mg/g); b is the Langmuir
isotherm constant (1/mg); Ce is the equilibrium concentration (mg/1).
2.4.4.2 Freundlich Isotherm
The Freundlich isotherm describes multilayer adsorption over a heterogeneous 
surface. This isotherm is not restricted to monolayer coverage of the adsorbent and 
the sorption sites possess different affinities (Bulut and Baysal, 2006; Foo and 
Hameed, 2010).
The Freundlich equation is expressed as follows:
qe = KpCy 2.4
The linearized form of this isotherm can be written as follows:
log q e  = log Kp + i  log C e  2.5
Where qe is the amount of adsorbate adsorbed by the adsorbent at equilibrium
(mg/g); K f is the Freundlich isotherm constant (mg/g); Ce is the equilibrium 
concentration (mg/1); n is the adsorption intensity. When l/n<l, the adsorbent is 
heterogeneous while l/n=l indicates linearity of adsorption and identical adsorption 
energies for all sites (Febrianto et al., 2009; Foo and Hameed, 2010). l<n<10 
indicates favourable adsorption and stronger interaction between the adsorbent and 
the metal ions.
2.4.5 Adsorption Kinetics
The efficiency of metal removal is dependent on the kinetics which is the rate of 
transfer of metal ions from the bulk solution to the surface of the adsorbent and 
accumulation on the adsorbent. Hence the adsorption kinetics via mathematical 
modelling describes the adsorption mechanisms and the reaction rates. The 
adsorption kinetics is also useful for determining the rate limiting (slowest) step in 
the removal process (Kocaoba et al., 2007; Curkovie et al., 2011; Sen Gupta and 
Bhattacharyya, 2011: Malamis and Katsou, 2013). Commonly employed kinetic 
models include the pseudo-first-order, pseudo-second-order and intraparticle 
diffusion models.
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2.4.5.1 Pseudo-First-Order Kinetic Model
The pseudo-first-order model is based on the assumption that the interactions 
between the adsorbent and the adsorbate are reversible (Sen Gupta and 
Bhattacharyya, 2011).
The integrated form of the model is as follows:
In(qe -  qt) = Inqg -  k^t 2.6
Where qe and qt are the amount of adsorbate adsorbed per unit mass of adsorbent at 
equilibrium (mg/g) and time t; t is time (min); ki is the pseudo first order adsorption 
rate constant which can be obtained from the slope of the graph of In (qe-qt) vs t.
The adsorption rate constant depends on the initial concentration of the adsorbate and 
decreases with increase in the initial concentration. The major drawback of this 
model is the uncertainty associated with the determination of the adsorption capacity 
at equilibrium, qe as it is not possible to determine the exact value (Sen Gupta and 
Bhattacharyya, 2011).
2.4 5.2 Pseudo-Second-Order Kinetic model
The pseudo second order model is based on the assumption that chemisorption may 
be the rate limiting step thus implying the likely formation of strong covalent bonds 
due to chemical interactions between the adsorbate and the adsorbent surface (Ho 
and Mckay, 1999; Sen Gupta and Bhattacharyya, 2011):
The linear form of the kinetic model can be written as follows: 
qt (kzQe) Vqe/
Where qe and qt are the amount of adsorbate adsorbed per unit mass of adsorbent at 
equilibrium (mg/g) at time t; t is time (min); ki is the pseudo second order adsorption 
rate constant which can be obtained from the slope and intercept of the graph of t/qt 
vs t.
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2.4.S.3 Intraparticle Diffusion Model
Intraparticle diffusion is an important step in metal uptake on porous sorbents. It can 
be evaluated using the Weber-Morris mass transfer equation (Sen Gupta and 
Bhattacharyya, 2011; Stojakovic et al., 2011).
The equation can be expressed as:
qt =  ki.t^/^ +  I 2.8
Where qt is the amount adsorbed per unit mass of adsorbent at equilibrium (mg/g) at 
time t (min); ki is the intraparticle diffusion rate constant (mg/g min^^ )^ and I (mg/g) 
is the intercept at the ordinate which can be obtained from the graph of qt vs 
Intraparticle diffusion is considered the rate limiting/controlling step when the linear 
plot passes through the origin (Cheung et al., 2007).
2.4.6 Factors that Influence Metal Removal
The removal of metal ions from aqueous solutions by zeolites is influenced by 
several factors related to the zeolites, metal ions, the liquid phase (solution) and 
experimental conditions. These factors include the nature of the zeolite (mineral 
type), particle size, pretreatment of adsorbent, adsorbent dose, initial metal 
concentration, contact time, solution pH, temperature, competing ions and agitation 
speed (Shoumkova, 2011; Malamis and Katsou, 2013).
a. Zeolite Characteristics
The characteristics and mineralogical composition of zeolites influence metal uptake 
from aqueous solutions (Trgo and Peric, 2003; Ziyath et al., 2011). One of such 
characteristics is the Si/Al ratio which determines the cation exchange capacity of the 
zeolite. The lower the Si/Al ratio, the greater the A1 content and the higher cation 
exchange capacity as more exchangeable cations are required to balance the negative 
charge of the zeolite framework (Mumpton, 1999; Alvarez-Ayuso et al., 2003; 
Ziyath et al., 2011). For instance in studies comparing the removal efficiencies and 
capacities of clinoptilolite and chabazite, the latter demonstrated superior Pb and Cd 
removal which was attributed to its lower Si/Al ratio and higher TCEC (4 meq/g) 
compared to clinoptilolite with higher Si/Al ratio and lower TCEC (2.77 meq/g) 
(Kesraoui-Ouki et al, 1993; Ouki and Kavannagh, 1997). Porosity is another 
important property of the zeolite which influences metal removal efficiency. The
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diffusion of metal ions through the internal pores of the zeolite is a critical step in the 
removal process which is dependent on the metal ion size relative to the zeolite pore 
size (Dabrowski et al., 2001; Ziyath et al., 2011). Inglezakis et al. (1999) examined 
the effect of pore clogging of clinoptilolite on lead removal kinetics. By comparing 
the ion exchange rates of washed and unwashed zeolites, they observed that pore 
clogging by surface dust and fine particles affects the ion exchange kinetics of the 
process.
b. Particle Size
The influence of particle size on metal removal may be dependent on other 
experimental conditions. Kesraoui-Ouki et al. (1993) observed that particle size did 
not significantly affect clinoptilolite Pb and Cd exchange capacities suggesting that 
increase in external surface area due to the decrease in particle size has no effect on 
ion exchange which occurs within the zeolite cavities. Similarly a study investigating 
the removal of Zn using clinoptilolite, decrease in particle size had a negligible effect 
on metal removal efficiency as there was no increase in the total surface area (Coruh, 
2008). On the contrary. All and El-Bishtawi (1997) investigating the adsorption of 
Pb and Ni using a Jordanian zeolite tuff observed that adsorption capacity increased 
with decrease in particle size due to increased external surface area. They explained 
that though metal uptake occurs on both internal and external sites, pore diffusion 
resistance means that only a fraction of internal sites are accessible to metal ions, 
however decreasing the particle size may expose some of the internal sites thus 
increasing metal ion accessibility. Oren and Kaya (2006) investigated the uptake of 
zinc by Gordes and Bigadic clinoptilolite samples with findings suggesting that the 
effect of particle size was dependent on the origin and nature of the zeolites. For the 
Bigadic zeolite, adsorption capacity increased with decrease in particle size as the 
surface area increased. On the contrary, there was no significant increase in the 
adsorption capacity of Gordes zeolite. Inglezakis et al. (2007) observed that particle 
size influences the removal of Pb by clinoptilolite with 65% removal achieved with 
dust compared to 55% removal with granular clinoptilolite. Overall the external 
surface area has no influence on the internal surface area in porous materials and the 
effect of external surface area in comparison to the inner surface area is negligible in 
such porous sorbents, hence size reduction has a negligible effect on the total surface
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area and does not affect the adsorption capacity (Oren and Kaya, 2006; Malamis and 
Katsou, 2013).
c. Pretreatment of the Natural Zeolite
The conversion of natural zeolites to homoionic form by pre-treatment with NaCl 
improves the effective capacity of the zeolite due to the displacement of less 
accessible exchangeable framework cations such as K and Ca by more accessible and 
loosely held cations such as Na. This significantly improves metal removal 
efficiency as demonstrated in several studies (Kesraoui-Ouki et al., 1993; 
Panayotova, 2000; Cincotti et al., 2001; Athanasiadis and Helmereich, 2005; Coruh,
2008). Kesraoui-Ouki et al. (1993) observed that the efficiency of clinoptilolite 
improved when it was conditioned with NaCl. The maximum removal capacities at 
initial concentrations of lOOOmg/1 for as-received clinoptilolite were 60 mg/g for Cd 
and 62mg/g for Pb while for pre-treated clinoptilolite they were 70 mg/g for Cd and 
lOOmg/g for Pb. According to Panayotova and Velikov (2003), NaCl pretreatment of 
clinoptilolite significantly increased the removal of Pb, Cd, Cu, Zn and Ni from 
single and multicomponent solutions. Fe modification has also been employed to 
enhance metal removal capacities. Dimirkou and Doula (2008) investigated the 
effectiveness of Fe-overexchanged clinoptilolite for the removal of Zn and Mn from 
drinking water with higher removal capacities (94.8mgZn/g and 27.1mgMn/g) 
observed in comparison with the as-received clinoptilolite (71.3 mgZn/g and 7.69 
mgMn/g). Similarly, Kragovic et al. (2012) reported that Fe-modified clinoptilolite 
significantly improved Pb uptake with adsorption capacity, 133mg/g compared to 
66mg/g for the non-modified samples.
d. Adsorbent Concentration
It is important that adequate amounts of zeolites are used to achieve maximum metal 
uptake. The required amount is dependent on the initial metal concentration. 
Increasing the adsorbent concentration influences the removal process due to 
increase in the number of available sorption sites which also reduces the effect of 
competing ions. However, the drawback of increasing the zeolite concentration is the 
resultant increase in solution pH which affects the metal removal process (Ziyath et 
al., 2011; Malamis and Katsou, 2013). Ismael et al. (2012) investigated the removal 
of Pb from aqueous solutions using clinoptilolite. They observed that increase in the
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adsorbent concentration led to increase in the amount of Pb adsorbed. Karatas 
(2012) observed that Pb uptake by a natural zeolite increased gradually with increase 
in the mass of zeolites due to increase in the number of available sorption sites until 
it reached a plateau.
e. Initial Metal Concentration
The initial liquid phase metal concentration significantly influences metal adsorption 
as documented in several studies (Kesraoui-Ouki et al., 1993; Curkovie et al., 1997; 
Ali and El-Bishtawi, 1997; Sprynskky et al., 2006; Baker et al., 2009; Ismael et al.,
2012). As the initial concentration increases, the amount of metals adsorbed per unit 
mass of zeolite increases until it reaches a plateau. The higher metal concentration 
increases bulk diffusion by providing a driving force to overcome mass transfer 
resistance (Kesraoui-Ouki et al., 1993; Malamis and Katsou, 2013). Kesraoui-Ouki et 
al. (1993) observed that clinoptilolite metal removal efficiencies decreased with 
increase in initial metal concentrations due to saturation of available sorption sites 
with up to 99% Pb removal at lOOmg/1 decreasing to 30% removal at lOOOmg/1. 
Similarly Cd removal efficiency decreased from up to 95% at less than lOOmg/1 to 
35% removal at lOOOmg/1. In another study, Karatas (2012) observed that Pb 
removal decreased from 97% to 79% as the metal concentration increased from 
lmg /1  to 2 0 0 mg/l.
f. Contact Time
The contact time is an important factor which influences metal sorption by zeolites. 
Alvarez-Ayuso et al. (2003) investigated the removal of metal ions from 
electroplating waters. They observed that metal uptake increased with time and 
equilibrium was reached after Ih for Zn and Cd. Ismael et al. (2012) comparing the 
sorption capacities of natural and pre-treated clinoptilolite samples for the removal of 
Pb from aqueous solutions observed that adsorption occurred rapidly during the first 
40 minutes of contact followed by slower adsorption until equilibrium was reached 
after 180 minutes. Karatas (2012) investigated the removal of Pb using natural 
zeolite. They observed that at higher metal concentrations, equilibrium was reached 
within 1 2 0  minutes when all the available sorption sites were saturated, thus 
indicating the dependence of required contact time on the initial liquid phase metal 
concentration.
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g- pH
Metal removal is a pH dependent process. The pH of the solution determines the 
dominant metal removal mechanism as it influences metal spéciation and the surface 
properties of the zeolite. At lower pH values, protons (H^ and H3OQ ions compete 
with metal ions for available sorption sites thus decreasing metal uptake with the 
degree of competition influenced by other factors including initial concentration and 
selectivity of metal ions. For effective ion exchange, metals have to be in ionic form. 
However at higher pH values, the formation of hydrated metal complexes with OH' 
which tend to precipitate can reduce metal uptake by zeolites. The zeolite structure is 
also affected by the solution pH as strong bases may cause desilication of zeolites 
and strong acids may cause dealumination of zeolites thus reducing removal 
performance (Vaca Mier et al., 2001; Alvarez-Ayuso et al., 2003; Trgo and Peric, 
2003; Akgul et al., 2006; Dimirkou and Doula, 2008; Ziyath et al., 2011; Malamis 
and Katsou, 2013). In metal removal studies, optimum pH values ranging from 4 to 6  
have been reported (Ouki and Kavannagh, 1997; Ali and El-Bishtawi, 1997; Oren 
and Kaya, 2006; Ismael et al., 2012). Ouki and Kavannagh (1997) investigated the 
effect of pH 3 to 6  on the removal of Pb, Cd, Cu, Zn, Cr, Ni and Co from aqueous 
solutions using natural clinoptilolite. They observed that the pH significantly 
influenced metal removal due to its effect on metal ion spéciation with optimum 
metal removal achieved between pH 4 and 5. Karatas (2012) observed that at higher 
pH values there was less competition from H^ ions thus allowing Pb^^ ions to be 
adsorbed on negatively charged sorption sites in the zeolite framework. At pH<8 , the 
predominant species was Pb^^ and at pH>8 , Pb (0 H) 2  was predominant with 
maximum adsorption at pH 5. Oren and Kaya (2006) reported optimum pH of 4 for 
Zn uptake by Gordes and Bigadic clinoptilolite samples. Ismael et al (2012) 
comparing the Pb sorption capacities of natural and pre-treated clinoptilolite samples 
observed that there was no adsorption below pH 3 due to competing H^ ions, gradual 
increase in adsorption from pH 3 to 6  and optimum adsorption at pH 6 . The increase 
in removal from pH 8  to 10 was mainly due to the precipitation of Pb (OH)]. In 
contrast to these findings, Coruh (2008) observed that the Zn removal efficiency of 
as-received and NaCl conditioned samples remained unchanged from pH 4 to 7 and 
only increased above pH 7. In another study, Bektas and Kara(2004) observed that 
Pb removal was not significantly influenced by the pH range 2 to 7 with higher
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removal at low pH values due to increase in the solution pH as a result of zeolite 
hydrolysis. Natural zeolites also increase the pH of solutions during treatment due to 
their high internal pH, which may result in metal precipitation within the zeolite 
pores and at the surfaces at higher metal concentrations (Ouki and Kavanagh, 1997; 
Ali and El-Bishtawi, 1997). In addition to zeolite hydrolysis, the uptake of H^ ions 
and the release of alkaline exchangeable cations contribute to pH increase during 
treatment as reported in several studies (Kesraoui-Ouki et al., 1993; Alvarez-Ayuso 
et al., 2003; Athanasiadis and Helmereich, 2005; Gunay et al., 2007; Kragovic,
2012). Kesraoui-Ouki et al. (1993) observed that initial pH of solutions increased 
from 4.5 to less than 8 at equilibrium for Pb and Cd removal using clinoptilolite. 
Similarly, studies on Pb and Ni removal using a Jordanian zeolite tuff revealed that 
the final pH of solutions treated increased from 4.5 to 6 due to the release of alkaline 
exchangeable cations from the zeolite (Ali and El-Bishtawi, 1997).
h. Temperature
In metal removal systems, increasing the temperature increases the zeolite surface 
activity, number of active sorption sites and the rate of diffusion. At higher 
temperatures, water molecules are removed from hydrated metal ions thus reducing 
their size and increasing accessibility to active sorption sites (Ziyath et al., 2011; 
Malamis and Katsou, 2013). This has been investigated in some studies with 
enhanced metal adsorption and removal efficiencies observed at elevated 
temperatures (Curkovie et al., 1997; Inglezakis et al., 2007; Coruh, 2008). However 
increasing the temperature is not cost effective due to the high energy requirements 
(Malamis and Katsou, 2013).
i. Agitation Speed
At higher agitation speed, mass transfer resistance to bulk diffusion is overcome as 
the film boundary layer surrounding the adsorbent particle decreases thus increasing 
the rate of uptake (Bektas and Kara, 2004; Trgo et al., 2006; Malamis and Katsou,
2013). Inglezakis et al. (2007) examined the effect of agitation speed (0, 100, 200, 
400rpm) on lead removal using clinoptilolite and bentonite. They observed that 
agitation enhanced Pb removal due to the increased ion transfer rate as a result of 
decreased mass transfer resistance. Similar findings were reported in other studies 
(Bektas and Kara, 2004; Trgo et al., 2006; Kocaoba et al., 2007).
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j. Competition in Multicomponent Solutions
The influence of competing ions on metal removal is highly dependent on the 
relative ion selectivity of the adsorbent and the initial concentration of metal ions 
(Corami et al., 2008; Malamis and Katsou, 2013). The mechanism of removal in 
multicomponent systems is more complicated due to the interactions between 
competing ions causing a non-ideal behaviour (Petrus and Warchol, 2005; Chiban et 
al., 2011). Ouki and Kavannagh (1997) investigating the effect of competing Ca ions 
on the removal of Pb, Cd, Cu, Zn, Cr, Ni and Co from aqueous solutions using 
natural clinoptilolite observed that higher concentrations of Ca resulted in decreased 
metal uptake. Wingenfelder et al. (2005) investigated the effect of Ca^^ ions on the 
removal of metal ions from synthetic mine waters using clinoptilolite. Pb removal 
performance remained unchanged while Zn and Cd removal efficiencies decreased. 
Similarly, Inglezakis et al. (2005) observed that the presence of competing cations 
significantly decreased metal uptake while the decrease in Pb removal was negligible 
(1-9%) due to the higher selectivity of clinoptilolite towards Pb ions (Pb>Fe>Cr>). 
Minceva et al. (2007) investigated the removal of Pb, Cd and Zn from single and 
binary metal solutions using natural clinoptilolite with lower metal adsorption 
observed in binary systems in comparison to single systems. The competitive effect 
was also influenced by the ratio of initial metal concentrations, though with less 
effect on Pb which was preferentially adsorbed by clinoptilolite. In fixed-bed column 
studies Vaca Mier et al. (2001) observed that clinoptilolite exhibited higher affinity 
for Pb ions in binary solutions with Pb outcompeting Cd for exchange sites as 
reflected in the observed metal breakpoints.
2.4.7 Metal Removal in Fixed-Bed Column Systems
The removal of metal ions in fixed-bed columns packed with natural zeolites has 
been investigated and reported in the literature (Gedik and Imamoglu, 2008b; 
Inglezakis et al., 2001; Inglezakis et al., 2002; Kocasoy and Sahin, 2007; Medvidovic 
et al., 2007; Stylianou et al., 2007). Metal removal in fixed-bed columns is 
influenced by several factors including flow rate and bed height. Flow rate 
optimization is critical as rapid breakthrough of metal ions occurs at high flow rates 
due to insufficient contact time while low flow rates may result in partial wetting of 
the bed due to maldistribution and lower liquid hold up within the bed, thus reducing 
effectiveness (Inglezakis et al., 2001; Inglezakis et al., 2002; Vasylechko et al., 2003;
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Al-Haj-Ali and Al-Hunaidi, 2004; Borba et al., 2006; Medvidovic et al., 2007; 
Stylianou et al., 2007). Inglezakis et al. (2002) investigated the removal of Pb, Cu, 
Fe and Cr using natural clinoptilolite in fixed-bed columns under different 
experimental conditions. The removal efficiency increased with decrease in flow rate 
due to higher column residence time sufficient for metal uptake. Overall metal 
removal performance was influenced by operating parameters in the following order: 
concentration>volumetric flowrate>particle size>modification of the material. It was 
also highlighted that though decreasing the particle size improved the performance, 
there was an associated drawback of high flow resistance in the column. Similarly, 
Al-Haj-Ali and Al-Hunaidi (2004) observed that Pb sorption in a natural zeolite 
fixed-bed column increased as the flow rate was decreased. The metal removal 
performance of fixed-bed systems is also influenced by bed depth. Al-Haj-Ali and 
Al-Hunaidi (2004) observed that at lower flow rates, bed depth had a more 
significant effect on Pb removal in a zeolite column due to higher residence time. 
Nuic et al. (2013) investigated the removal of Pb and Zn from binary aqueous 
solutions in a fixed-bed of natural clinoptilolite. Increasing the bed depth increased 
the number of available sorption sites and the contact time, thus increasing the 
breakthrough capacity.
2.4.7.1 Breakthrough Curve
The breakthrough curve provides a graphical description of the dynamic behaviour 
and service-life of a fixed-bed column with the characteristic shape dependent on the 
solid-liquid phase equilibrium of the system (Benefield et al., 1982; Medvidovic et 
al., 2006). A typical sigmoidal breakthrough curve with the effluent pollutant 
concentration plotted against time is shown in Figure 2.4.
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Figure 2.4. Breakthrough curve
When the solution is passed continuously through a fresh bed of adsorbent at a 
constant rate, rapid removal of pollutants begins within the upper layers of the bed as 
a mass transfer zone (MTZ) is established. The effluent which comes out of the bed 
is practically pollutant free at this point as any residual pollutants which are not 
removed in the upper layers are removed further down in the bed. As column 
operation progresses, the upper layers become saturated and the MTZ moves 
downwards towards the end of the bed. Breakthrough occurs (at time Tb in Figure
2.4.) when the MTZ reaches the end of the bed and the maximum allowable 
concentration of contaminant in the effluent is reached. The concentration of 
contaminant present in the effluent continues to increase with time as the MTZ 
moves out of the bed and the column reaches exhaustion (at time Te in Figure 2.4.). 
At this point, the concentration of contaminant in the effluent is 90-95% of the 
influent concentration being fed into the bed (Benefield et ah, 1982; Thomas and 
Crittenden, 1998; Medvidovic et ah, 2006). In practice, where multiple columns are 
operated in series, columns are operated until exhaustion, however where single 
columns are used they are taken out of service for regeneration prior to breakthrough 
(Chu, 2004).
2.4.T.2 Regeneration
Regeneration is performed using appropriate amounts of eluents to liberate small 
volumes of concentrated metal solutions for the purpose of metal recovery and 
adsorbent reuse (Borba et al., 2006; Katsou et al., 2011). The percent metal recovery 
achieved depends on the type and concentration of eluent used, nature of adsorbent
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and metals being desorbed and the selectivity of the adsorbent towards the metals 
(Vasylechko et ah, 2003; Katsou et ah, 2011). Several eluents have been employed 
for the recovery of metals from spent zeolites. Vasylechko et ah (2003) investigated 
the regeneration of clinoptilolite used for Cd removal using different eluents 
including NaCl, KNO3 , KCIO3 and 1:2 HNO3 . The potassium salts exhibited superior 
desorption properties with up to 92% desorption of Cd compared to 70-75% with 
NaCl and 55% with HNO3 . Turan et ah (2005) achieved optimum desorption of Pb 
from clinoptilolite with NaCl in comparison with NaOH. In another study, Gedik and 
Imamoglu (2006b) investigated the regeneration and recovery of Cd from a 
clinoptilolite fixed-bed column using NaCl, KCL, CaC12 and HCl with up to 97% 
elution of Cd from the bed after the first regeneration cycle which reduced to 72% 
after the fifth cycle. The performance of the column improved with regeneration due 
to the resultant homoionic conversion as breakthrough capacity increased from 
34.85mg/g to 47.21mg/g after the fifth cycle. However Akgul et ah (2006) 
investigating Ag desorption from clinoptilolite observed that adsorption capacity 
decreased with progressive regeneration cycles possibly as a result of acid driven 
dealumination of the zeolite framework. Katsou et ah (2011) tested KCl, NaCl, 
EDTA, HCl, Ca (N03)2, KCIO3 and KNO3 for the removal of Pb and Zn adsorbed 
onto zeolites. They achieved the best desorption with 3M and IM KCl solutions for 
the removal of Pb and Zn respectively with 99.5% desorption of Pb using 3M KCl 
and 98.5% desorption of Zn using IM KCl. The desorption process was slower than 
the adsorption process occurring in two stages viz: gradual desorption of metal ions 
from the zeolite meso and micropores and transport into the solution.
2.5 Summary
Bacteria and heavy metals present in contaminated aqueous streams are deleterious 
to human health and the environment, hence effective treatment technologies are 
required for their removal prior to use or discharge into water bodies. An extensive 
review of the literature reveals that a considerable number of studies have 
demonstrated the effectiveness of silver modified materials including zeolites against 
bacteria in contaminated aqueous streams. These studies have been limited to the 
antibacterial activity of silver ions with the natural zeolite acting as a support 
material. However natural zeolites have been extensively applied for the removal of
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metals from aqueous solutions with high removal efficiencies achieved. Hence this 
research seeks to investigate the application of silver modified zeolites as a 
disinfecting-adsorbent for the combined removal of E. coli as an indicator of 
bacterial contamination and heavy metals (Pb, Cd and Zn) from aqueous solutions.
In order to achieve the research aim and objectives and evaluate the performance of 
the proposed one-step treatment unit process, a systematic experimental investigation 
was undertaken as will be discussed in detail in the next chapter.
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Chapter 3
Experimental Programme
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3.1 Introduction
This chapter describes the materials and experimental methods employed in this 
study. Characterization techniques and microbiological and elemental analytical 
methods are also discussed.
3.2 Materials
3.2.1 Natural Zeolite
Natural Zeolite-Clinoptilolite (NZ) sold as ZeoclearSO was purchased from Planet 
Care Products, UK. The particle size fraction 0.2-0.6mm was used in this study to 
avoid the slower mass transfer rates associated with larger particles and the problem 
of pressure drop/flow resistance due to very small particles in fixed-bed columns 
(Thomas and Crittenden, 1998). The zeolites were washed thoroughly with deionized 
water to remove surface dust, oven dried at 60°C overnight and stored in airtight 
containers until further use.
3.2.2 Chemicals and Reagents
The following analytical grade reagents were used in this study: Silver nitrate 
(AgNOs) purchased from Sigma Aldrich, UK and Fisher Scientific, UK; lead nitrate 
(Pb (NOs)]), cadmium nitrate tetrahydrate (CdN206.4H20), zinc (II) nitrate 
hexahydrate (Zn (N0 3 )2 .6 H2 0 , and sodium chloride (NaCI) were all purchased from 
Fisher Scientific, UK. Nitric acid (HNO3) for trace analysis (Sigma Aldrich, UK) 
and Sodium hydroxide (NaOH) (Fisher Scientific, UK) were used for pH adjustment. 
For inductively coupled plasma optical emission spectrometry (ICP-OES) 
10,000ppm single element (Ag, Pb, Cd, Zn) calibration standard solutions in IM 
nitric acid were purchased from Fisher Scientific, UK.
3.2.3 Microorganisms and Media
3.2.3.1 Microorganisms
Escherichia coli was selected for use in this study as it is an indicator of faecal 
contamination of water. The bacterial strains used were Escherichia coli 
NCIMB8545 (NCIMB Culture Collection) and Escherichia coli NCTC9001 (Public 
Health England Culture Collection) stored on cryogenic beads (Microbank 
cyrovial) at -25°C. An E. co/z-inoculated bead was aseptically transferred into 10 ml 
of nutrient broth and incubated overnight at 37°C. A loopful of the culture was
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streaked on nutrient agar and incubated overnight at 37°C. Streak plates were stored 
at 4°C and sub-cultured to fresh nutrient agar biweekly.
3.2.3.2 Microbiological Media
Nutrient broth and nutrient agar (Oxoid, UK) were used as E. coli growth and storage 
media. Ringer’s solution was prepared using % strength Ringer’s solution tablets 
(Oxoid UK) for serial dilution of water samples prior to enumeration of E. coli. M- 
lauryl sulphate broth (MLSB) (Sigma Aldrich, UK) was used for enumeration of E. 
coli using the membrane filtration technique. All media were prepared according to 
manufacturers’ instructions and sterilized by autoclaving at 121 °C for 15 minutes.
3.2.4 Preparation of Aqueous Solutions
The composition of wastewater varies depending on the source, however pollutant 
concentrations used in this study were at the higher end of the spectrum for the 
purpose of challenging the treatment system.
3.2.4.1 E. coli solutions
A single colony of E. coli was aseptically transferred into 10 ml of nutrient broth and 
incubated overnight at 37°C. The broth was then centrifuged at 3000 rpm (Harrier 
15/80 Centrifuge) for 20 minutes to collect bacteria cells and the supernatant was 
discarded. The cells were rinsed twice with deionized water by centrifuging to 
remove the nutrient broth and suspended in 100ml deionized water to give a final 
concentration of 10^ -10^ ® CPU/100ml. The stock solution was further diluted in 
deionized water to prepare required concentrations ofE.  coli solution.
3.2.4.2 Metal Solutions
Metal nitrate salts were dissolved in deionized water (Elga DV 25 Purelab Option) to 
prepare stock solutions which were further diluted to achieve the required metal 
solution concentrations.
3.2.4.3 E. co//-Metal(s) Solutions
E. co/z-Metal(s) solutions {E. co//-Pb, E. co/z-Cd, E. coli-Zn and E. co/z-Pb-Cd-Zn) 
were prepared by diluting the required volumes of the metal and E .coli stock 
solutions in deionized water based on working concentration calculations as shown 
in Table 3.1.
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Table 3.1. E. co/z-metal(s) solutions
E. co/z-Metal(s) E. coli (CFU/lOOml) Pb (mg/1) Cd (mg/1) Zn (mg/1)
E. coli-Vh lO^-lQio 0.4 0 0
E. coli-Cà. 0 0.5 0
E. coli-Zn. 10^-10'° 0 0 0.5
E. co//-Pb-Cd-Zn 10 -^10*° 0.4 0.5 0.5
3.3 Experimental Methodology
The experimental programme as shown in Figure 3.1 was divided into four major 
stages namely: preliminary screening experiments, batch silver adsorption 
experiments, batch disinfection and metal removal experiments and fixed-bed 
column experiments.
3.3.1 Preparation of Silver-Modified Zeobtes (SZ)
Silver modification was performed by suspending 50-100g of natural zeolite (NZ) in 
100-250ml of silver nitrate solution at concentrations ranging from 0.1 to 5% Ag 
(w/v) as shown in Table 3.2.
Table 3.2. Silver modification
Experimental Stage Ag NO3 (Ag w/v) [notation]
Preliminary screening experiments (stage 1)
50gNZ+ 100ml (AgNOa) 0.1% [SZ-01]
0.3% [SZ-03]
0.5% [SZ-05]
1% [SZ-1]
5% [SZ-5]
Batch disinfection and fixed-bed column experiments (stages 3 and 4)
lQOgNZ +250ml (AgNOs)_____________________________ 3% [SZ]
The pH of solutions were adjusted to 4.5-5 to prevent precipitation of silver ions. The 
solutions were agitated at 300 rpm on an orbital shaker (DCA KS 501 Digital Orbital 
Shaker) for 24 hours to achieve maximum silver ion exchange onto the zeolites. At 
the end of each batch, the silver modified zeolites (SZ) were separated from the 
solutions, rinsed thoroughly with deionized water, dried overnight at 60 °C and 
stored in airtight brown bottles prior to use. The experiments were conducted in a 
dark room due to the light sensitivity of silver. At the end of each experiment.
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samples were syringe-filtered using sterile filter units (Millex®) with 0.45 pm 
membranes (MF-Millipore™), acidified to pH<2 and stored at 4°C prior to ICP-OES 
analysis (to be discussed in Section 3.4.3).
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Figure 3.1. Experimental programme diagram
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3.3.2 Stage 1: Preliminary Performance Screening Experiments
Preliminary screening experiments were conducted in order to assess the potential 
performance of the silver modified zeolites for disinfection and metal removal from 
aqueous systems. Control solutions containing non-modified natural zeolites (NZ) 
and blanks were also tested under the same experimental conditions. Experiments 
were conducted in duplicates at room temperature (18-22°C). At the end of the 
experiments, samples were syringe-filtered, acidified to pH< 2 and refrigerated at 
4°C prior to metal analysis.
3.3.2.1 Disinfection Experiments
0.5g of zeolite was suspended in 100ml solution {E. coli NCIMB 8545= 10^-10  ^
CPU/100ml). The solutions were agitated at 300 rpm for 0, 30, 240 minutes with 
different samples for each contact time in order not to alter the solid/liquid ratio 
when taking samples for analysis. 0.1ml aliquots were withdrawn for enumeration of 
E. coli by membrane filtration (APHA, 1992).
3.3.2.2 Metal Removal Experiments
A 0.5g sample of zeolite was suspended in 100ml single metal (Pb, Cd, and Zn) 
solution (10 mg/1). High metal concentrations were tested in order to challenge the 
system. The pH of solutions were adjusted to 4.5-5 to prevent precipitation metal 
ions (Oren and Kaya, 2006) and the solutions were agitated at 300 rpm for 24 hours.
3.3.3 Stage 2: Batch Silver Adsorption Experiments
Batch silver adsorption experiments were carried out in order to investigate the 
equilibrium and kinetics of silver uptake by the natural zeolites (NZ). Experiments 
were conducted in duplicates at room temperature (18-22°C). At the end of the 
experiments, samples were syringe-filtered, acidified to pH< 2 and refrigerated at 
4°C prior to metal analysis.
3.3.3.1 Equilibrium Experiments
A 0.2g sample of natural zeolite (NZ) was suspended in 100ml silver solution at 
concentrations ranging from 5 to 500 mg/1. The pH of the solutions were adjusted to 
4.5-5 to prevent metal precipitation and the samples were agitated at 300 rpm for 24 
hours in order to reach equilibrium.
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3.3.5.2 Kinetics Experiments
A 0.2 g sample of NZ was suspended in 50 ml silver solution (50mg/l). The pH of 
the solutions were adjusted to 4.5-5 to prevent metal precipitation and the samples 
were agitated at 300 rpm for 5,15,30,45,60,90,120,240,480 and 1440 minutes.
3.3.3.3 Effect of pH
The effect of pH was studied for the purpose of determining the optimum pH for 
silver ion uptake by the natural zeolites. 0.2 g of NZ suspended in 50 ml metal 
solution (250 mg/1). The initial pH values were adjusted to 3, 4, 5 and 6 and samples 
were agitated at 300 rpm for 24 hours.
3.3.4 Stage 3: Batch Disinfection and Metal Removal Experiments
These experiments were conducted in order to investigate the performance of SZ for 
the combined disinfection of E .coli and removal of metal ions from solutions. The 
removal of E. coli, Pb, Cd and Zn from single component solutions was investigated 
prior to simultaneous removal experiments. The concentration of silver released in 
the treated solutions was monitored throughout the experiments. Control solutions 
containing non-modified natural zeolites (NZ) and blanks containing no zeolites {E. 
coli and E. co//-metal(s)) were also tested under the same experimental conditions. 
Experiments were conducted in duplicates at room temperature (18-22°C). At the 
end of the experiments, samples were syringe-filtered, acidified to pH< 2 and 
refrigerated at 4°C prior to metal analysis.
3.3.4.1 Batch Disinfection Experiments
The disinfection efficiencies of silver-modified zeolites were investigated as a 
function of contact time. A 0.2g of SZ was suspended in 100 ml solution {E. coli 
NCTC9001= 10^ -10^ ® CFU/lOOml). The pH of the solutions were adjusted to 5 to 
maintain the same conditions as in the E. coli- metal(s) solutions where metal 
precipitation had to be avoided. The solutions were agitated at 300 rpm for 0, 5, 15, 
30 and 60 minutes. A 0.1ml aliquots were withdrawn for enumeration of E. coli by 
membrane filtration (APHA, 1992).
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3.3.4.2 Batch Metal Removal Experiments
Batch metal removal experiments were conducted in order to assess the metal 
removal efficiency and adsorption capacity of SZ, understand the system kinetics and 
the effect of parameters such as pH and competing ions.
3.3.4.2.1 Equilibrium Experiments
A 0.2 g of zeolite was suspended in 50 or 100ml metal solutions at concentrations 
ranging from 5 to 500 mg/1. The pH of the solutions were adjusted to 4.5 to prevent 
metal precipitation and the samples were agitated at SOOrpm for 24 hours in order to 
reach equilibrium.
3.3.4.2.2 Kinetics Experiments
A 0.2 g of zeolite was suspended in 50 ml metal solution at concentration 50mg/l. 
The pH of the solutions were adjusted to 4.5 to prevent metal precipitation and the 
samples were agitated at SOOrpm for 5,15,30,45,60,90,120,240,480 and 1440 minutes
3.3.4.2.3 Effect of pH
0.2 g of zeolite was suspended in 50 ml metal solution at concentration 50 mg/1. The 
initial pH values were adjusted to 3, 4, 5, 6 and 7 and samples were agitated at 300 
rpm for 24 hours.
3.3.4.2.4 Competitive Adsorption Experiments
The removal performance of the zeolites in multicomponent metal (Pb, Cd, and Zn) 
solutions was studied as a function of initial concentration and contact time. 0.2 g of 
zeolite suspended in 50 ml of multicomponent metal solution at equal initial metal 
concentrations (10, 50, 100 and 500 mg/1) were agitated at 300 rpm for 24 hours. 
Similarly, 0.2g of zeolite suspended in 50 ml of multicomponent solution at equal 
initial metal concentration (10 and 50 mg/1) and blanks were agitated at 300 rpm for 
5,15,30,45,60,90,120,240,480 and 1440 minutes .
3.3.4.3 Simultaneous Disinfection and Heavy Metal Removal Experiments
The disinfection and metal removal efficiencies of SZ were simultaneously 
investigated as a function of contact time. A 0.2 g of zeolite were suspended in 100 
ml E. co//-metal(s) solutions (E. coli-Pb, E. coli-Cd, E. coli-Zn, and E. coli-Pb-Cd- 
Zn) at initial E. coli concentration; 10^ -10^ ® CPU/100ml and initial metal 
concentrations; 0.4 mg/1 Pb, 0.5 mg/1 Cd and 0.5 mg/1 Zn. The pH was adjusted to
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5±0.2 to avoid metal precipitation and the solutions were shaken at 300 rpm for 0, 5, 
15, 30 and 60 minutes.
3.3.5 Stage 4: Fixed-Bed Column Experiments
The combined disinfection and metal removal efficiency of the silver modified 
zeolite column and the effects of flow rate and bed height were investigated. Silver 
recovery through a non-modified natural zeolite column was also examined.
3.3.5.1 Column Set-up and Operation
Fixed-bed column experiments were carried out using polyethylene columns 
(internal diameter: 1.5 cm and height: 30 cm). The column was packed with l-5g of 
zeolite between two supporting layers of glasswool to prevent zeolite particles from 
passing through the column. Deionized water was passed through the bed for 30 
minutes to ensure that the zeolite particles were tightly and properly packed to avoid 
channelling. The column was operated in down flow mode with the solution fed from 
a plastic tank (1500ml) at flow rate l-5ml/min using a peristaltic pump (Watson- 
Marlow lOlU/R) with clear silicon tubing (Fisher brand 1.6X1.6mm). The SZ 
column was wrapped with aluminium foil to prevent the formation of black silver 
oxides on the zeolites when exposed to light. Samples were collected at specific time 
intervals and 0.1ml aliquots were taken for immediate microbiological analysis while 
samples for ICP-OES analysis were syringe-filtered, acidified to pH<2 and 
refidgerated at 4°C. The influent was analysed periodically and replaced regularly 
with fresh stock to maintain the initial microbial concentration. A general illustration 
of the fixed-bed column experiments including silver recovery is shown in Figure 
3.2.
3.3.5.2 Disinfection Experiments
The disinfection performance of the silver modified zeolite was investigated in a 
fixed-bed column packed with 2 g of SZ corresponding to a bed height of 1cm fed at 
flow rate 2mEmin with E. coli solution at initial E. coli concentration; 10^ -10^ ® 
CFU/100ml. A control column packed with 2g of NZ was tested under the same 
experimental conditions.
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3.3.5.3 Simultaneous Disinfection and Removal of Heavy Metals
The performance of the silver modified zeolite for the combined removal of E. coli 
and heavy metals was investigated in a fixed-bed column packed with 2 g of SZ 
corresponding to a bed height of 1cm fed with E. co/z-metals solution {E. co/z-Pb-Cd- 
Zn) at initial E. coli concentration; 10 -^10^  ^ CFU/100ml and initial metal 
concentrations; 0.4 mg/1 Pb, 0.5 mg/1 Cd and 0.5 mg/1 Zn at flow rate 2ml/min. The 
initial pH of the solutions was adjusted to 5 to prevent metal precipitation
Influent
Peristaltic pump
Fixed-bed column
Effluent
Figure 3.2. Schematic diagram of laboratory-scale fixed-bed column system
3.3.5.4 Effect of Flow Rate
The effect of flow rate on the performance of the SZ column was investigated. E. 
co/z-metals solutions were fed into the columns at flow rates 1, 2 and 5 ml/min. The 
bed height (Z) was kept constant at 1 cm (2g of zeolite).
3.3.5.5 Effect of Bed Height
The effect of bed height on the performance of the SZ column was investigated. E. 
co/z-metals solutions were fed into the columns at flow rate 2 ml/min. The bed 
heights (Z) tested were 0.5, 1 and 2.5 cm corresponding to bed masses 1, 2 and 5g 
respectively.
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3.3.S.6 Silver Recovery
The potential of recovering silver ions released into the treated effluents using 
natural zeolite columns was investigated. The pH was adjusted to 4 for optimum 
uptake/recovery of silver ions by the zeolites. Initially, a NZ column with a bed 
height 1cm (2g of zeolite) operating at a flow rate 2ml/min was tested. With the aim 
of achieving optimum recovery of silver ions by increasing the contact time, the bed 
height was increased to 2.5 and 12 cm (5 and 24g) operating at flow rate 2ml/min 
and 12 cm (24g) operating and 1 ml/min.
3.4 Analytical Methods and Quality Control
In this section the characterization techniques, microbiological and elemental 
analytical methods and quality control measures employed in this study are 
discussed.
3.4.1 Characterization
Characterization techniques were used to study the physical and chemical properties 
of the natural and silver-modified zeolites. Representative zeolite fractions were 
analysed using Scanning Electron Microscopy-Energy Dispersive X-ray (SEM-EDX) 
and X-ray Diffraction (XRD) and specific surface area measurements were done 
using the Brunauer, Emmett and Teller (BET) method. E. coli cells were also 
characterized using SEM-EDX before and after exposure to silver-modified zeolites 
to develop an understanding of the disinfection mechanism by a qualitative 
assessment of changes in surface morphology.
3.4.1.1 X-ray Diffraction (XRD) Analysis
X-ray Diffraction analysis was used to identify the major mineralogical phases in the 
zeolite samples. Natural and silver-modified samples were analysed using a 
PAnalytical X’Pert Powder Instrument over a scanning range of 2-40° (20) using 
CuKa radiation source. The diffractogram patterns obtained were compared to the 
recorded patterns from the International Centre for Diffraction Data (ICDD) 
database.
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3.4.1.2 Scanning Electron Microscopy-Energy Dispersive X-Ray (SEM-EDX) 
Analysis
The surface morphology and elemental composition of the natural and silver 
modified zeolite samples were analysed using a Hitachi S3200N Scanning Electron 
microscope equipped with an Energy Dispersive X-ray Detector at the 
Microstructural Studies Unit (MS SU), University of Surrey, UK. The samples were 
mounted on adhesive carbon discs placed on aluminium specimen stubs for gold 
coating prior to analysis.
E. coli cells were analysed using a JEOL JSM-7100F Field Emission Scanning 
Electron Microscope equipped with an Energy Dispersive X-ray Detector. Samples 
were prepared for analysis using methods adapted from Panda et al. (2010). 5pi 
samples of treated and untreated bacterial cells in solution and on zeolite particles 
were dropped on sterilized silicon substrates and air dried under sterile conditions 
with no further fixing. The samples on silicon substrates were glued onto aluminium 
stubs and painted with high purity silver paint.
All samples for SEM analysis were gold coated in an Emitech K575X pettier cooled 
sputter coating unit to improve surface conductivity and prevent charging effects 
(McKay, 1995) and scanned at different magnifications to obtain high resolution 
images. The elemental composition of zeolites was determined by EDX analysis.
3.4.1.3 BET Surface Area Analysis
The surface area and pore volume measurements for the natural and silver modified 
zeolite samples were obtained by nitrogen adsorption at 77K using a BET surface 
area analyzer (Micromeritics Gemini) at University of Surrey, UK.
3.4.2 Enumeration of Bacteria (Membrane Filtration Technique)
The membrane filtration technique (APHA, 1992) was used for the enumeration of 
E. coli. At the end of each experiment a 0.1ml aliquot was withdrawn for 100-fold 
serial dilution in Ringer’s solution and passed through sterile 0.45 pm membrane 
filters (Pall, USA) placed on the membrane filter unit. The filters where then placed 
on adsorbent pads (Pall, USA) saturated with 2ml of m-lauryl sulphate (MLSB) broth 
in small petri dishes. The filters were incubated overnight at 37°C and viable
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colonies were counted and recorded as coliform forming units per 100ml 
(CFU/lOOml).
3.4.3 Elemental Analysis by Inductively Coupled Plasma-Optical Emission 
Spectrometry (ICP-OES)
Metal solutions were analysed using a Perkin Elmer ICP-OES Optima 5300DV 
equipped with a Perkin Elmer SIO auto-sampler. The Instrument settings are shown 
in Table 3.3. Element wavelengths were selected based on recommendations in the 
US EPA method 6010C (US EPA, 2007) as follows: Pb(220.353), Cd(226.502), 
Zn(213.857), Ag(328.068), Na(588.995), Mg(279.077), Ca(317.933), K(766.490). 
Metal calibration solutions prepared from appropriate single or multi-element metal 
standards in 2% HNO3 and calibration blanks (2% HNO3) were analysed and used to 
plot calibration curves (r^>0.999) for sample analysis. Samples with concentrations 
exceeding the calibration range were diluted in 2% nitric acid prior to analysis. 
Quality control standards were also analysed with acceptable upper and lower 
recovery limits of 85 and 115% respectively based on US EPA method 60IOC 
recommendations (US EPA, 2007).
The percentage removal of metals by zeolites was determined from the following 
equation:
% R e m o v a l = X 100 3.1
Where Co and Ce are the initial and final metal concentrations (mg/1) respectively. 
The amount of metal ions adsorbed per unit mass of zeolite was determined using the 
mass balance equation:
q , = 3.2
m
Where m is the mass of zeolite (g) and V is the volume of solution (ml).
66
Table 3.3. Analytical conditions for ICP-OES analysis
Parameter Setting
RF Power 1300 watts
Gas Argon
Purge gas flow Normal
Resolutions Normal
Nebulizer argon flow rate 0.70 1/min
Auxiliary argon flow rate 0.2 1/min
Plasma argon flow rate 15 1/min
Plasma view Axial
Sample flow rate 1.50 ml/min
Flush time 10 sec
Autosampler wash time 30 sec
Read parameters 1-5 min
Delay time 60 sec
Replicates 3
3.4.4 Quality Control
Several quality control measures were taken to minimize experimental errors and 
cross-contamination of samples including the use of high density polyethylene 
(HDPE) plastic containers for batch experiments, plastic volumetric flasks for 
preparation of metal solutions and ICP-OES calibration standards as metals may 
adsorb to the walls of glass containers. All labware were washed, soaked overnight in 
a nitric acid bath, rinsed thoroughly with deionized water and dried prior to use. In 
the case of column experiments, the peristaltic pump tubing was changed daily to 
prevent biofilm formation and clogging which would reduce the specified flow rate. 
A 2-point calibration of the pH meter (HQ40d) was performed on a daily basis prior 
to use. Microbiological analysis was undertaken under aseptic conditions with the 
filtration apparatus sterilized with ethanol prior to each use. For the batch 
experiments, samples were run in duplicates alongside blank samples to ensure data 
reliability and reproducibility and average values are reported. In the continuous flow 
column studies, single experiments were performed, however duplicate 
measurements were taken and average values are reported.
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3.5 Data and Statistical Analysis
Experiments were performed in duplicates and mean values are reported. For the 
metal removal studies, linear regression was applied to evaluate the best fitting 
adsorption isotherm and kinetic models based on the correlation coefficient, R^. This 
study involved a large number of experiments, hence it was not possible to have a 
large number of replicates required for advanced statistical analysis. However, 
ANOVA and t-test were applied to selected data sets to check for statistical 
significance (P<0.05).
3.6 Summary
In this chapter, the materials and experimental and analytical methods employed in 
this study have been described in detail. In subsequent chapters (4-8), the results 
pertaining to each experimental stage as illustrated in Figure 3.1 will be presented 
and discussed. However it is important to evaluate the composition and 
physicochemical characteristics of the zeolites which are indicators of the ion 
exchange capacity and behaviour while assessing the effect of silver modification on 
the zeolite structure. Hence the next chapter will discuss the findings of 
characterization studies.
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Chapter 4
Characterization of Zeolites
69
4.1 Introduction
Characterization provides a qualitative and quantitative assessment and appreciation 
of the nature and properties of zeolites which influence their behaviour and metal ion 
exchange capacities. This chapter presents the outcome of the zeolite characterization 
undertaken in this research. Natural and silver modified zeolites were characterized 
using XRD, SEM and EDX to provide more insight into their potential for the 
removal of contaminants from aqueous streams.
4.2 X-ray Diffraction (XRD)
XRD analysis was performed on representative samples of as-received (NZ) and 
silver modified zeolites (SZ). Figure 4.1 shows that the XRD patterns for NZ and SZ 
matched the recorded K-clinoptilolite reference pattern from the International Centre 
for Diffraction Data (ICDD) database. Clinoptilolite peaks can be observed at 20 = 
9.88°, 11.19° and 22.49° (Treacy and Higgins, 2001). There was no difference in the 
peak patterns and their positions in both NZ and SZ, thus indicating that the crystal 
structure of the zeolite remained unchanged after silver modification. However the 
slight decrease in relative peak intensities in SZ could be attributed to the additional 
cationic species (AgQ in the zeolite channels as reported in other studies 
(Concepcion-Rosabal et al., 2006; Akdeniz and Ulku, 2008; De la Rosa Gomez et al., 
2008b; Boschetto et al., 2012). There were no Ag peaks in the SZ pattern. Similar 
observations were made by Akdeniz and Ulku (2008) who attributed the absence of 
Ag peaks in silver exchanged zeolites to the small size of Ag particles which could 
not be detected by XRD. However it could also imply that there was minimal 
precipitation of metallic silver on the zeolite surface as ion exchange was undertaken 
under optimum pH conditions.
Furthermore, a second representative NZ fraction was analysed and the XRD pattern 
obtained is shown in Figure 4.2. At this instance diffraction peaks were recorded at, 
20° = 9.88°, 11.07° and 22.22° indicating the presence of heulandite in the sample 
(Treacy and Higgins, 2001). Other mineral phases including sanidine and yttrium 
tellirate were also identified. Clinoptilolite and heulandite belong to the same family 
(HEU) and are commonly found together in zeolite deposits and samples (Blanco 
Varela et al., 2006; Akdeniz and Ulku, 2008; Ostroomouv et al., 2012). Hence, XRD 
differentiation of clinoptilolite from heulandite may be inconclusive in some
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instances due to similarities in their structure and in some cases overlapping 
diffraction peaks (Blanco Varela et al., 2006).
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Figure 4.1. XRD patterns for (a) natural zeolite (NZ) (b) silver-modified zeolite (SZ) 
and (c) ICDD reference pattern for clinoptilolite from the instrument
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h- heulandite (CaAhSiyOïgH^O)
s- sanidine (KAlSijOg)
y- yttrium tellirate (Y^Te^OiJ
p- pottasium magnesium sulfate (K2Mg(SO^)i)
t- lit allium silicon selenide (TI4 (SiSe^))
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Figure 4.2. XRD pattern for silver-modified zeolite (SZ) showing peaks for 
heulandite and other mineral phases
4.3 Scanning Electron Microscopy-Energy Dispersive X-Ray 
(SEM-EDX)
The SEM micrographs of NZ are shown in Figure 4.3. The characteristic 
morphology of clinoptilolite can be observed in the highly porous structure and 
monoclinic symmetry of the platy crystals (Mumpton and Ormsby 1976; De la Rosa 
Gomez et al. 2008b; Copcia et al. 2011). Similarly, SZ micrographs (Figure 4.4.) 
show typical clinoptilolite blades and laths in addition to coffin shaped crystals 
which are similar to megascopic heulandite found in basalt vugs and cavities 
(Mumpton and Ormsby, 1976; De la Rosa-Gomez et al., 2008a). However it is can 
be observed that silver modification had no effect on the surface morphology of the 
zeolites.
The FDX spectra of the natural and silver-modified zeolites are shown in Figure 4.5. 
Elemental peaks including Ca, K, Na and Mg can be observed in the NZ spectrum 
(Figure 4.5(a)). In the SZ spectrum, Ag peaks confirm the inclusion of silver in the 
zeolite matrix.
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%Figure 4.3. SEM micrographs of natural zeolite (NZ) samples at different 
magnifications (a) X 2000; (b) X 4000
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Figure 4.4. SEM micrographs of silver-modified zeolite (SZ) samples at different 
magnifications (a) X 2000; (b) X 4000
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Figure 4.5. EDX spectra of (a) natural zeolite (NZ) (b) silver-modified zeolite (SZ)
The elemental composition of the NZ and SZ determined from EDX analysis is 
summarized in Table 4.1. The results reveal that the natural zeolite is a K- 
clinoptilolite as is the dominant extra framework cation. In the SZ samples, Ag"^  
were mainly exchanged for Na^ and Ca^ due to their relative positions in the zeolite 
framework (Akdeniz and Ulku, 2008). are the least exchangeable ions as they are 
strongly bound to a specific site M(3) with the highest coordination in the unit cell 
of the zeolite (Culfaz and Yagiz, 2004; Beyazit, 2013).
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Table 4.1. Elemental composition of zeolites
Zeolite_______________  Oxide (wt%)
SiOz AI2O3 FezOs NazO CaO MgO KzO AgzO
NZ 74.08 11.43 2.43 1.71 1.41 0.85 3.63 0
SZ 70.47 10.24 1.76 0.35 0.64 0.55 3.16 9.44
Clinoptilolite and heulandite possess the same HEU framework topology but are 
distinguished on the basis of Si/Al ratio with heulandite having the ratio Si/Al<4 and 
clinoptilolite Si/Al>4 (Coombs et ah, 1997; Armbruster, 2001). The Si/Al ratio of the 
natural clinoptilolite is 5.72. The high Si/Al ratio in comparison to the typical range 
of 4-5.5 for clinoptilolite (Inglezakis et al., 2002) may indicate the presence of 
significant quantities of feldspars, quartz etc in the zeolite (Ostroomouv et al., 2012).
The theoretical cation exchange capacity (TCEC) calculated based on the 
exchangeable framework cation content (Na, Ca, Mg and K) is 2.25meq/g. This is 
comparable to values for clinoptilolite ranging from 2.17-2.66meq/g reported in the 
literature (Langella et al., 2000; Culfaz and Yagiz, 2004; Athanasiadis and 
Helmreich, 2005; Dirmikou and Doula, 2008; Erdogan and Ulku, 2011).
4.4 BET Surface Area
The results of BET surface area analysis are presented in Table 4.2. BET analysis 
revealed that the surface area of the zeolites are 57.06 m^/g and 14.44 m^/g for NZ 
and SZ respectively. The incorporation of Ag^ in the zeolite matrix decreased the 
surface area by 75%. Similar findings were reported by Boschetto et al. (2012) for 
silver exchange zeolites where the specific area decreased due to the blockage of 
pores filled with Ag. BET surface area values ranging from 12.00 to 62.82 m^/g 
have been obtained for different natural clinoptilolite samples as reported in several 
studies (Curkovic et al., 1997; Bektas and Kara, 2004; Cabrera et al., 2005; Castaldi 
et al., 2008; Dimirkou and Doula, 2008; Cozmuta et al., 2012).
Table 4.2. Results of BET surface area analysis of zeolite samples
Zeolite Surface Area (mVg) Average Fore Width (Â)
NZ 57.06 118.28
SZ 14.44 100.11
76
4.5 Summary
Characterization studies were conducted on representative fractions of natural and 
silver modified zeolites. XRD analysis revealed that the zeolite tuff contains both 
clinoptilolite and heulandite. Silver modification did not alter the crystal structure of 
the zeolite. The typical clinoptilolite morphology was observed in SEM images while 
EDX analysis confirmed the presence of Ag^ which were mainly exchanged for Na"^  
and Ca^ in the K-clinoptilolite. On the basis of Si/Al ratio (5.72 >4) the zeolite has 
been identified as clinoptilolite. BET surface area analysis revealed that the inclusion 
of Ag^ in the zeolite matrix decreased the surface area. However it is expected that 
the decrease in surface area will not inhibit the metal removal efficiency of the silver 
modified zeolites. The next chapter discusses the results of preliminary performance 
screening experiments conducted to evaluate the disinfection and metal removal 
capabilities of the zeolites in order to assess the feasibility of proceeding with 
detailed experimental investigations (batch and column studies).
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Chapter 5
Preliminary Performance 
Screening Studies
78
5.1 Introduction
Preliminary experiments were conducted for the purpose of screening the silver 
modified zeolites for E. coli disinfection and heavy metals (Pb, Cd and Zn) removal 
capability prior to conducting more systematic and detailed batch and column 
studies.
5.2 Silver Modified Zeolites
Natural zeolites (NZ) were modified by ion exchange with silver nitrate solution at 
concentrations ranging from 0.1 to 5% Ag (w/v) as described in Chapter 3. The 
amount of silver exchanged onto the zeolites increased with increase in the percent 
concentration of silver nitrate as shown in Table 5.1. The maximum amount of silver 
adsorbed per gram of zeolite was 61mg/g at 5% Ag (w/v).
Table 5.1. Silver content of modified zeolites
Zeolite SZ-01 SZ-03 SZ-05 SZ-1 SZ-5
% Ag (w/v) 0.1 0.3 0.5 1 5
Ag Adsorbed (mg/g) 1.80 5.57 8.49 18.72 60.99
5.3 Disinfection Efficiency
The disinfection efficiency of E. coli in single component solutions is illustrated in 
Figure 5.1. The results revealed that complete disinfection of E. coli (8 log reduction) 
was achieved within 30 minutes of contact in SZ-05, SZ-1 and SZ-5 treated samples 
and 240 minutes in SZ-01 and SZ-03 treated samples. The rate of disinfection 
increased with increase in the amount of Ag incorporated into the zeolites (Rivera- 
Garza et al., 2000; Bandyopadhyaya et al., 2008). NZ had no antibacterial effect with 
only 2 log reduction observed after 240 minutes. The reduction in bacterial counts in 
the NZ treated samples and the blanks was due to the absence of nutrients for 
bacterial growth and survival in deionized water.
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Figure 5.1. Disinfection ofE. coli (Co=10^-10^® CFU/lOOml; m=0.5g; v= 100ml)
The concentration of silver released during disinfection is shown in Figure 5.2. It can 
be observed that 0.04-2.29mg/l of silver was released after 240 minutes of contact 
corresponding to 0.1-0.8% of the amount of silver present in the zeolites. The 
amount of silver released in solutions increased with increase in the original Ag 
content of the zeolites. Similarly, Kwakye-Awuah et al. (2008) investigating the 
disinfection efficiency of silver ion exchanged zeolites observed that less than 3% of 
Ag loaded onto the synthetic zeolite was released during treatment.
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Figure 5.2. Amount of silver released from silver modified zeolites during 
disinfection (m=0.5g; t= 240 min)
These results indicate that the antibacterial action of SZ is a function of silver ions 
released into the solutions which target multiple sites in the bacterial cell. Silver ions 
penetrate the cell wall and enter the cytoplasm where they bind to and damage the 
DNA via condensation, inactivate cell proteins and inhibit essential enzymes 
resulting in replication impairment and cell lysis (Feng et ah, 2000; ; Matsumara et 
ah, 2003; Jung et ah, 2008; Copcia et ah, 2011).
5.4 Preliminary Heavy Metal Removal Efficiency Studies
Figure 5.3 illustrates the results obtained for the removal of Pb, Cd and Zn by SZ and 
NZ samples. The zeolites exhibited high metal removal efficiencies with up to 99% 
removal after 24 hours as reported in other studies (Kesraoui-Ouki et al„ 1993; 
Curkovic et ah, 1997; Coruh, 2008). Silver modification resulted in a slight (1-4%) 
increase in metal uptake. The removal of metal ions involves the mechanisms of ion 
exchange in the zeolite micropores and adsorption on the mineral surfaces. Metal 
removal occurs as the solutions are agitated, resulting in increased mass transfer of 
metal ions from the liquid to the solid phase (Bektas and Kara, 2004; Erdem et ah, 
2004).
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Figure 5.3. Percentage removal of metal ions (Pb, Cd and Zn) from single 
component solutions (Co= lOmg/1; pH= 4.5-5; t=24h)
Higher amounts of Ag were released in metal solutions as shown in Figure 5.4. The 
maximum amounts of Ag released from SZ-5 were 5.85mg/1, 10.13mg/l and 
15.6mg/l in Pb, Cd and Zn solutions respectively. These concentrations were much 
higher than detected in E. coli solutions due to the longer contact time (24 hours). 
Furthermore, the increase in the amount of Ag released may be attributed to the 
exchange of Pb, Cd and Zn ions for Ag ions in the zeolite framework.
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Figure 5.4. Amount of silver released from silver modified zeolites during metal 
removal (m=0.5g; t= 24h)
This indicates that the presence of metal ions in aqueous solution may enhance the 
disinfection performance due to the increased concentration of antibacterial silver
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released. However combined E. coli and metal removal experiments will provide 
more insight and verify this hypothesis (section 7.5). The pH of the metal solutions 
increased from 4.5-5 to 5.5-6.5 after treatment. This was due to hydrolysis of the 
zeolites, the uptake of H^ ions from the solutions by the zeolites and the release of 
alkaline exchangeable cations as reported in metal removal studies (Curkovic et al., 
1997; Athanasiadis and Helmereich, 2005; Gunay et al., 2007; Kragovic, 2012).
5.5 Summary
Preliminary screening experiments were undertaken to assess the disinfection and 
metal removal capabilities of the silver modified zeolites. All SZ samples exhibited 
excellent antibacterial activity against E. coli with complete disinfection achieved 
within 30 to 240 minutes. The rate of disinfection increased as the amount of silver 
incorporated into the zeolites increased with less than lmg/1 released in the solutions 
after 240 minutes. The non-modified zeolites (NZ) had no antibacterial effect. Metal 
removal efficiencies of up to 99% were achieved using both natural and silver 
modified zeolites. Silver modification did not inhibit the metal removal capability of 
SZ, as the metal ions in solution were exchanged for the silver ions in the zeolite. 
Higher concentrations of Ag (up to 15.6 mg/1) were released in the metal solutions 
after 24 hours. Overall, less than 6 % of the original Ag content of zeolites was 
released in the different systems during treatment. The results of screening tests have 
demonstrated the potential of the system for the removal of E. coli and metals from 
their respective single component solutions thus providing a rationale to proceed 
with main experimental investigations. In the light of these findings, the next chapter 
focuses on the equilibrium and kinetics of silver uptake by the natural zeolites for the 
purpose of determining the optimum conditions for silver modification of the natural 
zeolites prior to combined disinfection and metal removal studies.
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Chapter 6
Optimization of Silver 
Modification of Zeolites
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6.1 Introduction
Batch experiments were conducted to investigate the equilibrium and kinetics of 
silver adsorption by the natural zeolites. This was for the purpose of determining the 
optimum conditions for silver modification of NZ. The effects of initial 
concentration, contact time and pH were examined. Furthermore, the experimental 
data were analysed using adsorption isotherms and kinetic models with the view to 
understand the mechanisms involved.
6.2 Effect of Initial Concentration
The effect of initial concentration on silver adsorption is illustrated in Figure 6.1. It 
can be observed that as the initial Ag concentration increased from 5mg/1 to 500mg/l, 
the amount of silver adsorbed per unit mass of zeolite increased from 0.57 mg/g to 
61.73 Img/g. The increase in initial concentration provided the necessary driving 
force to overcome mass transfer resistance to Ag diffusion from the liquid to the 
solid phase. Additionally at higher concentrations, there was increased interaction 
between Ag ions and the zeolites in the solution. (Coruh et al., 2010; Malamis and 
Katsou, 2013).
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Figure 6.1. Effect of initial concentration on silver adsorption (pH=4.5; t=24h)
Conversely, the percent metal uptake decreased from 95% at an initial concentration 
of 5mg/1 to 56% at 500 mg/1. This was due to the increased involvement of less 
energetic exchange sites and the eventual saturation of the available sites as the metal 
concentration increased (Erdem et al., 2004; Akgul et al., 2006; Gunay et al., 2007). 
The pH of the solutions increased from 4.5 to 5.6-6.7 at the end of the experiments
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which was due to the uptake of ions from the solutions and zeolite hydrolysis 
(Curkovic et ah, 1997; Gunay et ah, 2007). The maximum silver adsorption capacity 
of the zeolite was 61.73mg/g which is comparable to values reported in the literature 
(33.23-129.86mg/g) (Akgul et al., 2006; Lihareva et al., 2010).
6.3 Effect of Contact Time
The contact time is an important factor which influences metal uptake by zeolites. 
Figure 6.2 shows the effect of contact time on silver adsorption by the natural 
zeolites. There was a rapid uptake of silver within the first 15 minutes of contact 
(77.52%) followed by a gradual uptake as it approached equilibrium at 60-120 
minutes (92.08%).
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Figure 6.2. Effect of contact time on silver adsorption (Co=250mg/1; pH=4.5)
6.4 Effect of pH
The effect of pH on silver adsorption was studied at pH 3 ,4 ,5  and 6 as illustrated in 
Figure 6.3. The pH influenced Ag uptake with maximum adsorption (44.42mg/g) 
achieved at pH 4. Similarly, Akgul et al. (2006) reported optimum pH of 4 for silver 
adsorption on clinoptilolite. At lower pH values (pH<4), H^ ions present in the 
solution compete with metal ions for the available sorption sites while at higher pH 
values, metal complexation with OH' may cause precipitation thus decreasing metal 
uptake by the zeolites (Akgul et al., 2006; Malamis and Katsou, 2013)
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Figure 6.3. Effect of pH on silver adsorption (Co=250mg/1; t=24h)
6.5 Adsorption Isotherms
The experimental equilibrium data were fitted using the Langmuir and Freundlich 
isotherms as shown in Figure 6.4. The isotherm parameters are presented in Table 
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Figure 6.4. Adsorption isotherms for silver adsorption by natural zeolites
The two isothenns provided a good fit for the experimental data. However the 
Langmuir isotherm provided a better fit for the data (R  ^ =0.979), thus implying 
homogenous adsorption of Ag ions by the zeolites (Too and Hameed, 2010). The 
maximum monolayer adsorption capacity from the Langmuir isotherm was 64.10 
mg/g.
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Table 6.1. Adsorption isotherm parameters for silver adsorption
Langmuir Freundlich
Adsorbate Qo (mg/g) b (1/mg) R2 K((l/mg) 1/n R2
Ag 64.103 0.059 0.979 3.876 0.573 0.923
6.6 Adsorption Kinetics
The pseudo-first-order and pseudo-second-order kinetic models were used to analyse 
the experimental data. The kinetic parameters obtained are shown in Table 6.2. The 
pseudo-second order (Figure 6.5) provided a better fit compared to the pseudo-first- 
order model as shown by the higher value (0.999).
Table 6.2. Pseudo -first and second -order kinetic constants for silver adsorption
Pseudo -first order Pseudo -second order
Adsorbate Ki (min‘9 R2 Kz (g mg^min^ qe,caic (mg/g) R2
Ag 0.001 0.128 -0.084 9.524 0.999
The pseudo-second-order model is based on the assumption that chemisorption may 
be the rate limiting step thus implying the likely formation of strong covalent bonds 
due to chemical interactions between the adsorbate and the adsorbent surface (Ho 
and Mckay, 1999; Sen Gupta and Bhattacharyya, 2011).
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Figure 6.5. Pseudo-second-order kinetic plot for silver adsorption by natural zeolites 
(Co=250mg/1; pH=4.5)
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The intraparticle diffusion model was also fitted to the silver adsorption data as 
illustrated in Figure 6.6 and the kinetic constants are presented in Table 6.3. The plot 
did not pass through the origin thus indicating that intrapartiele diffusion was not the 
rate limiting step (Cheung et al., 2007).
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Figure 6.6. Intrapartiele diffusion plot for silver adsorption by natural zeolites 
(Co=250mg/1; pH=4.5)
Table 6.3. Intrapartiele diffusion constants for silver adsorption
Adsorbate Kid(mg/(g. Cid(mg/g) R2
Ag 0.092 7.494 0.343
6.7 Summary
This chapter focused on the optimization of the adsorption of silver by the natural 
zeolites. The effect of initial concentration, contact time and pH were investigated. 
The maximum amount of silver adsorbed by the natural zeolite was 61.73mg/g at 
initial concentration of 500mg/l. The system reached equilibrium within 60 minutes 
of contact time and the optimum pH was determined as 4. The Langmuir isotherm 
provided a better fit for the experimental data with a maximum monolayer adsorption 
capacity of 64.10mg/g. The adsorption kinetics followed the pseudo-second-order 
kinetic model. These results have provided an understanding of the equilibrium and 
kinetics of silver adsorption onto the natural zeolites including the optimum 
conditions (pH= 4 and equilibrium contact time=60 minutes) for the preparation of 
the silver modified zeolites for application in subsequent batch and column
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experiments. The next chapter will investigate the potential of the silver-modified 
zeolites for the combined removal of E. coli and heavy metals (Pb, Cd, and Zn) from 
aqueous solutions under batch experimental conditions.
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Chapter 7
Batch System Studies- 
Potential of Silver Modified 
Zeolites for the Combined 
Removal of E. coli and
Metals
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7.1 Introduction
This chapter investigates the potential use of silver modified zeolites for the 
combined removal of E. coli as an indicator of faecal contamination and metal ions 
(Pb, Zn and Cd) from single and multicomponent aqueous solutions in batch 
systems. The disinfection of E. coli as a function of contact time is investigated. The 
results of metal adsorption equilibrium and kinetic studies undertaken are presented 
and discussed and the effects of initial concentration, contact time, pH and 
competing ions on metal removal are evaluated. Finally the combined removal of E. 
coli and metal ions from E. co//-metal(s) systems is investigated.
7.2 Silver Modified Zeolites
Natural zeolites (NZ) were modified by ion exchange with 3% (Ag (w/v)) silver 
nitrate solution as described in Chapter 3 under optimum experimental conditions as 
determined in Chapter 4 (pH =4). The amount of silver exchanged onto the zeolite 
was 43.4 mg/g.
7.3 Disinfection of E, coli in Aqueous Solutions
Disinfection experiments were undertaken to evaluate the antibacterial activity of 
silver modified zeolites against E. coli. The graph o f E. coli (log CFU/ 100ml) versus 
time for NZ and SZ treated samples and controls (containing no zeolites) is shown in 
Figure 7.1.
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Figure 7.1. Disinfection of E .coli (Co= 10^-10^° CFU/100ml; pH=5)
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The results show that SZ exhibited antibacterial activity towards E. coli with a 4 log 
(99.99%) reduction within 5 minutes and complete disinfection (100%) achieved 
after 30 minutes of contact time.
Figure 7.2 illustrates the antibacterial activity of SZ as a function of silver released in 
the treated solutions. The amount of silver released by SZ increased as the number of 
viable cells decreased in the solution and a total concentration of 0.76 mg/1 of silver 
(0.9% of Ag^^ in SZ) was released into the solution at the time of complete 
disinfection (30 minutes) and 1.10 mg/1 (1.2% of Ag^^ in SZ) was released at the end 
of the experiment (after 60 minutes of contact).
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Figure 7.2. Disinfection of E. coli as a function of Ag released from SZ into the 
treated solutions (Co= 10 -^10^  ^CFU/100ml; pFI=5)
Statistical analysis using ANOVA revealed significant differences (P<0.05) between 
E. coli survival in SZ and NZ treated samples and controls after 30 and 60 minutes of 
contact time (Appendix A: Table Al). NZ did not exhibit any antibacterial activity 
as similarly observed in other studies (Rivera-Garza et al., 2000; De la Rosa Gomez 
et al., 2008b; Copcia et al., 2011). The higher E. coli survival rate (80%) observed 
after 60 minutes compared to the control solution could be due to the presence of 
essential elements for microbial growth such as the exchangeable Na^ in the NZ (De 
la Rosa Gomez et al,. 2010; Copcia et al., 2011). In the control solutions, there was 
still a high survival rate (90%) after 30 minutes of contact time with only 1 log 
reduction compared to the SZ treated solution where all cells had been eliminated.
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This reduction was not statistically significant (P>0.05). However a statistically 
significant reduction (6 log reduction) in the number of viable bacteria cells was 
observed after 60 minutes of contact (P<0.05) (Appendix A: Table A2). This could 
be attributed to the combined effects of starvation due to the absence of essential 
nutrients and osmotic shock. The latter may have occurred due to the hypotonic 
environment in the deionized water solutions resulting in cell lysis (Record Jr. et al., 
1998; Van Grieken et al., 2010). This also suggests that osmotic stress may have 
contributed to cell death in the SZ treated solutions albeit to lesser extent when the 
concentration of E. coli cells in SZ treated and control solutions are compared within 
the 15 to 30 minutes contact period as shown in Figure 7.1.
These results indicate that the disinfection efficiency of the SZ is a function of 
contact time and the amount of silver ions released into the solution (Rivera-Garza et 
al., 2000; De la Rosa Gomez et al., 2010; Copcia et al., 2011). The silver ions 
penetrate the cell wall resulting in the cytoplasmic membrane detachment and 
deposition of ions in the cell DNA and around the cell wall. The silver ions interact 
with the cell DNA causing damage, inactivation of cell proteins due to reactions with 
the thiol groups and inhibition of essential cell respiratory enzymes possibly resulting 
in the generation of destructive reactive oxygen species (ROS). These processes lead 
to loss of replication ability and cell death (Feng et al., 2000; Matsumara et al., 2003; 
Jung et al., 2008; Copcia et al., 2011; Lemire et al., 2013).
7.4 Removal of Heavy Metals from Aqueous Solutions
Heavy metal removal studies were undertaken to evaluate the equilibrium and 
kinetics of Pb, Cd and Zn adsorption under batch conditions while studying the 
effects of experimental variables as discussed in this section.
7.4.1 Effect of Initial Metal Concentration
The effect of initial concentration on the removal of the metals by NZ and SZ is 
illustrated in Figure 7.3. The amount of metal ions adsorbed per unit mass of zeolite 
increased with the increase in the initial metal concentration. The higher metal 
concentration provided the driving force to overcome mass transfer resistance thus 
increasing bulk diffusion of metal ions from the liquid to solid phase 
(Ahmarussaman, 2011; Malamis and Katsou, 2013). The maximum amounts of Pb 
adsorbed by NZ and SZ at initial concentration of 500mg/l were 95.03 and
94
lOl.OOmg/g respectively. The maximum amounts of Cd adsorbed were 25.80mg/g 
for NZ and 29.18 mg/g for SZ at initial metal concentration of 500mg/l. For Zn, 
maximum metal adsorption was observed at 200mg/l with 18.05 and 19.58mg/g 
adsorbed by NZ and SZ respectively. Silver modification of zeolites influenced Pb, 
Cd and Zn removal with 6 to 12% increase in maximum metal uptake. The zeolite 
was more selective towards Pb as reported in other studies (Ouki and Kavannagh, 
1997; Trgo et al., 2006; Minceva et al., 2007). The order of selectivity was: 
Pb>Cd>Zn. This order could be due to factors such as the zeolite channel dimensions 
and the relative hydrated radii of the metal ions. Hence the preferential uptake of Pb 
with lower hydrated ionic radius (4.01Â) and lower selectivity for Zn which has a 
higher hydrated radius of 4.30À (Nightingale, 1959; Ziyath et al., 2011).
The percent metal removal decreased with the increase in the initial metal 
concentration. This was due to the increased involvement of less energetic sorption 
sites as the metal concentration increased (Erdem et al., 2004; Gunay et al., 2007). 
The removal efficiency of Pb decreased from 94.58-100.00% at 5 mg/1 to 30.61- 
32.53% at 500mg/l. The removal efficiency of Cd decreased from 100.00% at 5mg/l 
to 9.57-10.82% at 500mg/l. Zn removal decreased from 100% at 5mg/l to 2.31- 
4.35% at 500mg/l.
The corresponding amounts of silver released from SZ increased with increase in 
metal concentration (Appendix A: Figure Al). The maximum amounts of silver 
released at initial metal concentration of 500mg/l were 71.89, 45.61 and 39.90 mg/1 
in Pb, Cd and Zn solutions respectively. These values reflect the selectivity sequence 
of the zeolites towards the metal ions. The zeolite was more selective towards Pb 
ions, hence the concentration of silver released was higher as the Ag ions in the 
zeolite matrix were displaced by the Pb ions in the solution. The pH of the metal 
solutions increased from 4.5 to 5.40-6.94 at the end of the experiments. This was due 
to the uptake of H^ ions from the solutions and zeolite hydrolysis (Curkovic et al, 
1997; Gunay et al, 2007).
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Figure 7.3. Effect of initial metal concentration on the removal of (a)Pb (b)Cd and 
(c)Zn by SZ and NZ (pH= 4.5; t=24h)
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7.4.2 Effect of Contact Time
Figure 7.4 shows the effect of contact time on metal removal at initial concentration 
of 50mg/l. For Pb removal, adsorption occurred rapidly within the first 15 minutes of 
contact with 89.33-92.08% adsorbed followed by a gradual uptake until equilibrium 
was reached after 45 minutes for SZ and NZ. The rate of Cd uptake was slower than 
Pb with equilibrium reached after 60-120 minutes of contact. It took much longer 
(480 minutes) to reach equilibrium for Zn. It can be inferred that metal equilibrium 
was reached when the active sorption sites were saturated thus indicating the 
dependence of required contact time on the initial liquid phase metal concentration 
(Karatas, 2012).
The amount of silver released from SZ as a function of contact time (Appendix A: 
Figure A2) was measured. For Pb removal, it was observed that more than 90% of 
the total amount of silver released (26.99 mg/l) was released within the first 15 
minutes of contact corresponding to the observed period of rapid metal uptake after 
which there was no significant increase in the amount of silver released. During Cd 
removal, the amount of silver released increased until 90 minutes (equilibrium time) 
when 33.71mg/l was released after which there was only a slight (10%) increase in 
concentration. For Zn removal, the amount of silver increased until 480 minutes of 
contact (43.64mg/l). These results indicate the role of ion exchange in metal uptake 
which involved the displacement of Ag^ in the SZ matrix by the Pb, Cd and Zn ions 
in their respective solutions.
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Figure 7.4. Effect of contact time on the removal of (a)Pb (b)Cd and (c)Zn by SZ 
and NZ (Co=50mg/1; pH= 4.5; t=24h)
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7.4.3 Effect of pH
The effect of solution pH on metal adsorption was investigated as shown in Figure 
7.5.
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Figure 7.5. Effect of pH on the removal of (a)Pb (b)Cd and (c)Zn by SZ and NZ 
(Co=50mg/1; pH= 4.5; t=24h)
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The removal of Pb was not significantly influenced by the change in pH within the 
range studied (3 to7). Similar findings were reported by Bektas and Kara (2004) who 
observed that Pb removal by clinoptilolite was not significantly influenced by pH 
range 2 to 7. The amount of Cd and Zn adsorbed increased with increase in solution 
pH. Overall, optimum metal removal was achieved at pH 4 to 6 as reported in other 
studies (Ali and El-Bishtawi, 1997; Oren and Kaya, 2006; Ismael et al., 2012). At 
lower pH values, H^ ions present in the solution compete with metal ions for the 
available sorption sites thus decreasing metal uptake (Malamis and Katsou, 2013).
7.4.4 Competitive Adsorption
The effect of competing metal ions was investigated in multicomponent metal 
solutions. Lower metal removal capacities were observed in comparison to single 
component solutions as illustrated in Figure 7.6. For Pb removal, there was 49.70- 
57.65% decrease in metal removal in multicomponent solutions. There was 61.64- 
67.77% decrease in Cd removal from multicomponent solutions. Similarly, the 
removal of Zn decreased by 43.52-61.25% in multicomponent solutions. Pb uptake 
was 16.91-81.29% higher than the other metals in multicomponent systems 
depending on the initial concentration, further indicating the preferential selectivity 
of the zeolites towards Pb ions. The influence of competing ions on metal removal is 
highly dependent on the relative ion selectivity of the adsorbent and the initial 
concentration of metal ions (Corami et al., 2008; Malamis and Katsou, 2013). The 
mechanism of removal in multicomponent systems is more complicated due to the 
interactions between competing ions causing a non-ideal behaviour (Chiban et al., 
2011). The concentration of silver released in the multicomponent solutions was 2 
times higher than in single component solutions (Appendix A: Figure A3). The metal 
selectivity sequence was the same as observed in single metal solutions: Pb>Cd>Zn.
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7.4.5 Adsorption Isotherms
The experimental data were fitted to the Langmuir and Freundlich Isotherms as 
shown in Figure 7.7. The isotherm parameters are presented in Table 7.1.
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Figure 7.7. Adsorption isotherms for the removal of (a) Pb, (b) Cd and (c) Zn by SZ 
and NZ (pH= 4.5)
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The Langmuir isotherm provided a better fit for all the metals based on the higher 
values (0.928-1.000), thus indicating homogenous adsorption of metal ions by the 
zeolites (Too and Hameed, 2010).
Table 7.1. Adsorption isotherm parameters for the removal of Pb, Cd and Zn
Lead Cadmium Zinc
Parameters SZ NZ SZ NZ SZ NZ
Langmuir
Q o (mg/g) 101.010 95.238 29.412 26.042 12.346 5.949
b (Fmg) 1.053 0.234 0.070 0.099 0.513 -0.049
R2 1.000 0.999 0.987 0.992 0.958 0.928
Freundlich
Kf 12.131 18.374 6.786 6.879 5.165 5.460
1/n 0.203 0.164 0.117 0.110 0.084 0.053
R2 0.495 0.625 0.637 0.604 0.567 0.258
7.4.6 Adsorption Kinetics
The experimental data were analysed with kinetic models and the rate constants are 
shown in Table 7.2. The pseudo-second-order plots are shown in Figure 7.8.
Table 7.2. Kinetic model parameters for Pb, Cd and Zn removal by SZ and NZ
Kinetic Model Parameters
Lead Cadmium Zinc
SZ NZ SZ NZ SZ NZ
Pseudo -first order
Ki (min'9 0.001 0.001 0.004 0.004 0.003 0.004
R2 0.076 0.090 0.747 0.937 0.949 0.994
Pseudo -second order
Ki (g/(mg.min)) 0.074 0.080 0.010 0.004 0.002 0.001
qe,calc (mg/g) 14.006 13.850 11.274 11.723 7.008 7.158
R2 1.000 1.000 1.000 1.000 0.992 0.960
Intrapartiele Diffusion
Kid(mg/(g. min^/^)) 0.083 0.057 0.156 0.197 0.168 0.172
Cid(mg/g) 12.072 12.505 7.226 5.974 1.637 0.750
R2 0.149 0.151 0.375 0.616 0.695 0.850
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Figure 7.8. Pseudo-second-order kinetic plots for (a) Pb (b) Cd and (c) Zn removal 
by SZ and NZ (Co=50mg/1; pH=4.5-5).
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The pseudo-second-order model provided a better fit for Pb and Cd removal by SZ 
and NZ. This implies that chemisorption may be the rate limiting step with the 
likelihood of strong covalent bonding as a result of chemical interactions between the 
metal ions and the zeolites (Ho and Mckay, 1999; Sen Gupta and Bhattacharyya, 
2011). Zn removal was well described by both pseudo-first and second-order models, 
with the uptake by NZ best described by the former.
The pseudo-first-order model is based on the assumption that the interactions 
between the adsorbent and the adsorbate are reversible (Sen Gupta and 
Bhattacharyya, 2011). This suggests that the Zn ions were weakly attached to the 
zeolite sorption sites and easily desorbed. This reversible interaction may also be 
responsible for the lower selectivity of the zeolites towards the Zn in comparison to 
Pb and Cd. The intrapartiele diffusion plot is shown in Figure 7.9. The plot did not 
pass through the origin thus indicating that intrapartiele diffusion, though an 
important step in adsorption on porous adsorbents is not the rate limiting step 
(Cheung et al., 2007).
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7.5 Combined Disinfection and Removal of Heavy Metals
The use of silver modified zeolites for the combined removal of E. coli as an 
indicator of faecal contamination and metal ions (Pb, Zn and Cd) from E. coli- 
metal(s) was investigated as discussed in this section.
7.5.1 Disinfection Efficiency
The ability of the SZ to simultaneously eliminate pathogens and remove metals from 
the solutions was examined. The graphs in Figure 7.10 show the disinfection 
performance of the zeolites in different combined E. co//-metal(s) solutions and the 
amount of silver released by SZ into the solutions as a function of time.
SZ exhibited antibacterial activity towards the E. coli in the different E. co//-metal(s) 
solutions with complete elimination (100%) of bacterial cells after 15 minutes of 
contact. Comparing the performance of SZ in the E. coli and E. co//-metal(s) 
solutions, the rate of disinfection of E. coli in the presence of metal ions was 2 times 
faster than observed in the E. coli only solution where 30 minutes of contact time 
was required to achieve complete (100%) disinfection. These results indicate that the 
presence of metal ions accelerated the disinfection process as the amount of silver 
released by the SZ into the solutions increased compared to the concentration in the 
E. coli only solution due to ion exchange between the metal ions in solution and the 
silver ions in the zeolite. The amount of silver released into the solutions after 
ISminutes contact and complete disinfection were 1.05, 0.82, 1.39 and 1.33 mg/l in 
the E. coli-Vh, E. coli-Cà. E. coli-Zn, and E. co//-Pb-Cd-Zn solutions respectively. 
The differences in the amount of silver released in the E. co//-metal(s) solutions may 
be due to several factors including the complexity of system interactions occurring in 
the different matrices and variations in the actual silver ion content of the different 
SZ fractions agitated in each solution due to the heterogeneity of clinoptilolite 
(Sprynskyy et al., 2010) which influences metal adsorption and desorption.
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Figure 7.10. Disinfection of E. coli in (a) E. co/z-Pb, (b) E. coli-Cà, (c) E. coli-Zn 
and (d) E. co/z-Pb-Cd-Zn systems (Co= 10^-10^  ^ CFU/100ml E. coli, Pb=0.4mg/1, 
Cd=0.5mg/1, Zn=0.5mg/1; pH=5)
According to the WHO (2011), though there is no health based limit for silver in 
water, up to 0.1 mg/l can be tolerated without any health risks. In view of the silver 
released from SZ during treatment, it is necessary to explore the possibility of silver 
recovery for potential reuse (See next chapter).
There was no significant reduction (up to 90% survival) in viable cells in the NZ 
treated E. co/z-metal(s) solutions as similarly observed in the E. coli only solutions. 
This indicates that the metal ions were simultaneously sorbed by the NZ and hence 
they did not have any remarkable effect on the bacterial cells in the water. Similarly 
in the eontrol solutions, there was only a slight reduction (1-2 log) in bacterial cells 
after 60 minutes in the solutions including the E. co/z-Pb-Cd-Zn solution where the 
total metal concentration was 1.5 mg/l. Metal ions are known to exhibit certain 
levels of toxicity towards bacterial cells (Top and Ulku, 2004; Hrenovic et al., 2012; 
Lemire et al., 2013). Minimum inhibitory concentrations of metal ions against E. coli
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determined on agar medium ranging from 0.5-5mM (corresponding to 0.05- 
1.04mg/l) have been reported (Nies, 1999; Spain, 2003). The results of the control 
experiments indicate that under the specific experimental conditions in this study and 
within the contact time observed, the concentration of metals tested did not result in a 
remarkable decrease in bacterial cells. This further confirms that the reduction in 
viable cells in the SZ treated solutions was mainly due to the antibacterial activity of 
the silver ions released by the zeolites into the solution.
7.5.2 Heavy Metal Removal Efficiency
The metal removal performance of the zeolites in the E. co//-metal(s) solutions were 
investigated and the results are shown in Figure 7.11. There was a rapid uptake of 
metal ions within the first 15 minutes of contaet with high metal removal efficiencies 
of 90-99% achieved by the natural and silver-modified zeolites after 60 minutes of 
contact time. Several authors have reported high metal removal efficiencies for 
natural and pre-treated clinoptilolite and other zeolites for the removal of Pb, Cd and 
Zn from solutions (Kesraoui-Ouki et al., 1993; Bektas and Kara, 2004; Erdem et al., 
2004; Sprynskyy et ah, 2006; Gedik and Imamoglu, 2008a; Wang and Peng, 2010). 
The maximum metal adsorption capacities of SZ and NZ were in the range of 0.182- 
0.189mg/g, 0.224-0.240mg/g and 0.245-0.266mg/g for Pb, Cd and Zn respectively in 
the single and mixed metals containing solutions. The on-going disinfection of E. 
coli by the silver ions being released from the SZ and the presence of other metal 
ions in the solutions did not affect the removal efficiencies which indicate that 
competition in the multicomponent systems for adsorption/exchange sites was 
insignificant. The removal of metal ions involves the mechanisms of ion exchange in 
the zeolite micropores and adsorption on the mineral surfaces. Metal removal occurs 
as the solutions are agitated, resulting in increased interphase mass transfer of metal 
ions from the liquid to the solid phase (Bektas and Kara, 2004; Erdem et ah, 2004). 
The metal adsorption kinetics for the different solutions were investigated with the 
pseudo-first-order and pseudo-second-order kinetic models.
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Figure 7.11. Percent metal removal of Pb from (a) E. co/z-Pb and (b) E. co/z-Pb-Cd- 
Zn; Cd from (c) E. coli-Cà and (d) E. co/z-Pb-Cd-Zn and Zn from (e) E. coli-Zn and 
(f) E. co/z-Pb-Cd-Zn systems.
The kinetics of metal adsorption is a function of experimental conditions and the 
characteristics of the adsorbent (Bektas and Kara, 2004; Sen Gupta and 
Bhattacharyya, 2011). The correlation coefficients for the pseudo-second-order 
model were higher (R^>0.993) indicating that it is a better description of the heavy 
metals removal kinetics (Appendix A: Table A3).
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In the control solutions, there was a slight reduction in metal concentrations (3-14%) 
which could be mainly due to metal ion uptake by the bacterial cells. The results also 
showed that the addition of SZ and NZ to the solutions resulted in a pH increase 
from 5 to an average of 6.3 due to zeolite hydrolysis and uptake of ions from the 
solutions by the zeolites (Bektas and Kara 2004; Gunay et al., 2007).
7.6 Summary
The disinfection and metal removal capabilities of the silver modified zeolites in 
single and multicomponent systems were assessed in batch experimental studies. The 
results showed that SZ completely eliminated E. coli from aqueous solutions after 30 
minutes of contact demonstrating its effectiveness as a disinfectant. This was due to 
the silver ions released in the treated solutions during treatment, with 0.76mg/l 
released at the time of complete disinfection.
The results from heavy metal removal experiments demonstrated that metal uptake 
increased with increase in the initial concentration. The maximum amounts of metal 
ions adsorbed by SZ and NZ at initial concentrations of 500mg/l were 95-lOlmg/g 
for Pb, 26-29mg/g for Cd and 18-20mg/g for Zn. Equilibrium removal of metal ions 
was achieved within 45, 60-120 and 480 minutes of contact for Pb, Cd and Zn 
respectively. The removal of Pb was not affected by the change in the solution pH 
(3-7) while the optimum pH for Cd and Zn removal was 4 to 6. In multicomponent 
solutions, metal removal decreased by 44-68% in comparison to single component 
solutions due to competition for available sorption sites with Pb preferentially 
adsorbed by SZ and NZ. The Langmuir isotherm provided a better fit for the 
experimental data based on higher values (>0.928). Overall, metal adsorption was 
best described by the pseudo-second-order kinetic model
In combined E. coli and metal removal studies, 100% disinfection was achieved 
within 15 minutes of contact with maximum metal adsorption removal efficiencies of 
97, 98 and 99% for Pb^^, Cd^^ and Zn^^ respectively after 60 minutes. NZ samples 
did not exhibit antibacterial activity in both the E. coli and E. co//-metal(s) combined 
solutions.
I l l
Overall, the silver modified zeolites exhibited high disinfection and heavy metal 
removal efficiencies and consequently could provide an effective combined 
treatment system for the removal of E. coli and metals fi*om contaminated aqueous 
streams. However in practice, fixed bed columns are employed as they have the 
advantage of treating large volumes of contaminated streams on a continuous basis 
until breakthrough or exhaustion. Hence, the next chapter investigates the combined 
disinfection and metal removal performance of silver modified zeolites in column 
systems including the effects of experimental variables and silver recovery in a bed 
of non-modified zeolites for potential reuse, thus assessing the practical applicability 
of the one-step treatment unit process.
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Chapter 8
Fixed-Bed Column Studies- 
Silver Modified Zeolites for 
the Combined Removal of
E. coli and Metals
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8.1 Introduction
This chapter examines the performance of silver modified zeolites for the removal of 
E. coli and metal ions firom aqueous solutions in a fixed-bed column including the 
effect of flow rate and bed height on the removal performance of the system. 
Electron microscopy studies were performed in order to gain further insight into the 
mechanism of silver disinfection. Furthermore, the potential of silver recovery from 
the treated effluents for further zeolite modification in a column system set up is also 
examined.
8.2 Breakthrough Curves and Calculations
Breakthrough curves of effluent pollutant concentration against time were plotted 
using the results obtained fi*om the fixed-bed column experiments.
For E. coli removal, the amount removed at breakpoint, Xb (CFU) in the column was 
calculated using the following equation:
X t = Q ^ i l \ C o - C ) d T  8.1
Where Qv is the volumetric flow rate (1/min), Co and C are influent and effluent 
contaminant concentrations at time T (CFU/L), Tt is the breakthrough time (min).
Similarly, the maximum amount of E. coli removed at exhaustion, Xe (CFU) in the 
column was calculated using the following equation:
X , = Q ^ j l \ C „ - C ) d T  8.2
Where Qv is the volumetric flow rate (1/min), Co and C are influent and effluent 
contaminant concentrations at time T  (CFU/L), Te is the exhaustion time (min).
For metal removal, the breakthrough capacity, qt (mg/g) was calculated using the 
equation:
qb = [Qvfo'‘i ^ o - C ) d T \ / m  8.3
114
Where Qv is the volumetric flow rate (1/min), Co and C are influent and effluent 
contaminant concentrations at time T  (mg/1), Tt is the breakthrough time (min) and m 
is the mass of zeolite (g).
The exhaustion capacity, qe (mg/g) was calculated using the equation:
fle = [ Q v ï l \C „ - C ) d T ] /m  8.4
Where Qv is the volumetric flow rate (1/min), Co and C are influent and effluent 
contaminant concentrations at time T (mg/1). Te is the exhaustion time (min) and m is 
the mass of zeolite (g).
The amount of silver released in the treated effluent (mg) was calculated using the 
formula:
^Ag — Qv jfj ^  dT 8.5
Where XAg is the amount of silver ions released (mg), Qv is the volumetric flow rate 
(1/min) and C is the concentration of silver in the effluent at time T  (mg/1), T is the 
time (min).
8.2 Disinfection of E, coli
The disinfection of E. coli in an SZ column was investigated prior to combined 
disinfection and metal removal experiments. The breakthrough curve is shown in 
Figure 8.1. For the purpose of evaluating the disinfection performance of the system, 
the breakpoint was selected as the time when viable bacterial cells were first detected 
in the treated effluent (Cg >1CFU/I00ml) and the column was considered to have 
reached exhaustion when the E. coli breakthrough curves reached a plateau (Ce >10^- 
10  ^CFU/lOOml).
E. coli cells were completely eliminated until breakthrough was reached after 600 
minutes. The volume treated until the point of breakthrough was 1200ml. Control 
disinfection experiments using an NZ column revealed that non-modified zeolites 
had no antibacterial effect (Appendix B: Figure Bl). The death of E. coli was a
115
function of the amount silver being released into the solution which decreased from 
0.062mg/l at breakthrough to 0.032mg/l at exhaustion of disinfection efficiency.
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Figure 8.1. Breakthrough curve for Æ coli removal in SZ column and silver released 
in the treated effluent (Co= 10  ^CFU/lOOml E. coli, pH=5; Qv= 2ml/min; Z= 1cm)
8.3 Combined Disinfection and Metal Removal
The use of silver modified zeolites for the combined removal of E. coli as an 
indicator of faecal contamination and metal ions (Pb, Zn and Cd) from E. coli- 
metal(s) solutions was investigated and is discussed in this section.
8.3.1 Disinfection Efficiency
The breakthrough curve for E. coli removal in the SZ column and the corresponding 
amount of silver released in the treated effluent is shown in Figure 8.2. In 
comparison with the solutions containing E. coli only, breakthrough oceurred 30 
minutes earlier, with complete disinfection (100%) observed until after 570 minutes 
of column operation (17=1140ml). After breakthrough, there was a rapid increase in 
the number of viable E. coli cells in the effluent and exhaustion was reached after 
1020 minutes of operation. From Figure 8.2, it can be observed that as E. coli 
breakthrough and exhaustion occurred, there was a eorresponding decrease in the 
amount of silver being released into the solution from 0.230mg/l at breakthrough to 
0.050mg/l (Table 8.3) indicating a direct correlation between the amount of silver 
released and the disinfection efficiency as reported in other studies (De la Rosa- 
Gomez et al., 2008a).
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Figure 8.2. Breakthrough curve for E. coli removal in SZ column and silver released 
in the treated effluent (Co= 10  ^CFU/lOOml E. coli, 0.4mg/l Pb, 0.5mg/l Cd, 0.5mg/l 
Zn; pH=5; Qv= 2ml/min; Z= 1cm)
The amount of silver released at breakthrough was 3 times higher than in the E. coli 
only solutions due to the presence of metal ions which were exchanged for Ag^ ions 
in the zeolite matrix.
8.3.2 Metal Removal Performance
The metal removal performance of the SZ column was investigated simultaneously 
with E. coli removal and the Pb, Cd and Zn breakthrough curves are shown in Figure 
8.3. The metal breakthrough concentrations for Pb and Cd selected based on the 
minimum water quality guideline values were 0.01 and 0.003mg/l respectively. 
Flowever there is no guideline value for Zn, hence breakthrough was said to have 
occurred when 5% of the influent concentration was measured in the treated effluent 
(WHO, 2011). The columns reached exhaustion when up to 95% of the influent 
metal concentration was measured in the treated effluent. Breakthrough of Cd and 
Zn oecurred after 1080 minutes of column operation and exhaustion occurred after 
5220 minutes of operation (Table 8.1).
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Figure 8.3. Breakthrough curves for metals removal in SZ column (Co= 109 
CFU/lOOml E. coli, 0.4mg/l Pb, 0.5mg/1 Cd, 0.5mg/1 Zn; pH=5; Qv= 2ml/min; Z= 
1cm)
There was no breakthrough of Pb after 7920 minutes of column operation due to the 
higher affinity of the zeolite for Pb as observed in the batch metal removal studies 
(Chapter 7). The order of selectivity of metal removal was Pb>Cd~Zn. The column 
had to be stopped as it was no longer possible to maintain the flow rate due to bed 
clogging.
Table 8.1. Experimental results for metals removal in SZ column (Co= 10  ^
CFU/lOOml E. coli, 0.4mg/l Pb, 0.5mg/1 Cd, 0.5mg/1 Zn; pH=5)
Breakthrough Exhaustion
Metals Tb (min) Vb (ml) Qb (mg/g) Te (min) Y e (ml) qe (mg/g)
Cd 1 0 8 0 2160 0 .5 7 1 5220 1 0 4 4 0 2 .5 1 0
Zn 10 8 0 2 1 6 0 0.568 5220 1 0 4 4 0 2.439
8.3.3 End of Column Operation
The SZ column was put out of service after 7920 minutes of operation due to bed 
clogging. The loss of disinfection efficiency resulted in the gradual colonization of 
the bed by bacterial cells and the formation of biofilm consisting of dead and living 
cells and extracellular polymeric substances secreted by the bacterial cells. Overtime, 
this clogged the bed and it was impossible to maintain the initial volumetric flow 
rate. Biofilm formation on media during column disinfection with silver 
nanoparticles on silica beads has been reported in the literature (Quang et ah, 2013).
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This phenomenon could also explain the irregular shape of the Cd and Zn 
breakthrough curves as observed in Figure 8.3. Ideally, after metal breakthrough, the 
concentration of metal ions in the treated effluent would increase steadily until 
exhaustion. However, the fluctuating effluent concentrations and the resultant 
undulating breakthrough curve might be due to the biosorption of metal ions by the 
biofilm and cell debris at some points in different regions of the bed (Maliszewska,
2011). In practice, the column would be put out of service prior to breakthrough of a 
single pollutant. Since E. coli breakthrough occurred earlier, the effect of flow rate 
and bed height on the performance of the columns was investigated until exhaustion 
of disinfection efficiency.
8.3.4 Effect of Flow Rate
Figure 8.4 shows breakthrough curves for the effect of flow rate on the removal of E. 
coli and Table 8.2 provides a comparison of the performance of the column at 
different flow rates. It can be observed that as the flow rate increased from Iml/min 
to 5 ml/min, breakthrough occurred earlier resulting in a shorter column service life.
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Figure 8.4. Effect of flow rate on E. coli breakthrough in SZ column (Co= 10^  
CFU/lOOml E. coli, 0.4mg/l Pb, 0.5mg/1 Cd, 0.5mg/1 Zn; pH=5; Z= 1cm).
However the increase in flow rate did not have a significant effect on the amount of 
E. coli removed at breakthrough ((3.80-4.48) xlO^ CFU). In the bed operated at 
5ml/min, Cd breakthrough was observed after 120 minutes of contact as there was 
insufficient time for intra-particle diffusion of metal ions into the pores of the zeolite 
resulting in earlier breakthrough (Taty-Costodes et al., 2005). Hence, the lower the
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flow rate, the better the metal removal performance of the column (Inglezakis and 
Grigoropolou, 2004).
Table 8.2. Experimental results for E. coli removal in SZ column (Co= 10  ^
CFU/lOOml E. coli, 0.4mg/l Pb, 0.5mg/l Cd, 0.5mg/l Zn; pH=5)
Breakthrough Exhaustion
Z (cm) m (g) Ov (ml/min) Tb (min) Vb (ml) Xb (CFU) Te (min) Ve (ml) Xe (CFU)
Effect of flow rate
1 2 1 1320 1320 3.80E+09 3000 3000 8.60E+09
1 2 2 570 1140 3.39E+09 1020 2040 5.95E+09
1 2 5 240 1200 4.48E+09 300 1500 5.47E+09
Effect of bed height
0.5 1 2 240 480 1.90E+09 900 1800 7.11E+09
1 2 2 570 1140 3.39E+09 1020 2040 5.95E+09
2.5 5 2 2100 4200 9.98E+09 2880 5760 1.32E+10
The effect of flow rate on the amount of silver released into the solutions was also 
investigated and the results are shown in Table 8.3. It can be observed that the total 
amount of silver released into the treated effluent varied at different flow rates. As 
the flow rate increased, the residence time of the solution within the bed decreased, 
hence the amount of silver released from the zeolites decreased. The breakthrough 
performance of the column is quite important as the column would not be operated 
beyond that time. The flow rate did not significantly affect the disinfection 
performance of the system under the experimental conditions of this study but 
affected the metal removal performance. Therefore it must be optimised to ensure 
that both contaminants are removed effectively.
8.3.5 Effect of Bed Height
The performance of the column at different bed heights, Z (0.5-2.5cm) until 
exhaustion of disinfection capacity was investigated. E. coli breakthrough curves are 
shown in Figure 8.5 and Table 8.2 provides a performance comparison of the column 
at different bed heights.
The results indicate that the service life (breakthrough and exhaustion times) and 
volumes treated increased with increased bed height as it took a longer time for the 
disinfection zone to move down and out of the bed.
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Figure 8.5. Effect of bed height on E. coli breakthrough in SZ column (Co= 10^  
CFU/lOOml E. coli, 0.4mg/l Pb, 0.5mg/l Cd, 0.5mg/l Zn; pH=5; Qv= 2ml/min)
Furthermore, the amount of E. coli removed by the column at breakthrough increased 
from 1.90 X10  ^CFU to 9.98 x 10  ^CFU with an increase in bed height from 0.5 to 2.5 
cm (Table 8.2). This was due to the greater surface area for bacterial attachment and 
increased availability of silver ions for disinfection as the mass of zeolites increased. 
Similarly as shown in Table 8.3, the amount of silver released into the treated 
solutions increased with an increase in bed height. At breakthrough, 11.37mg of 
silver was released from the 2.5 cm bed which was more than 25 times the amount 
released from the 0.5em bed (0.41 mg).
The bed height of the column had a more significant effect on the removal of metal 
ions as breakthrough of Pb, Cd and Zn was observed in the 0.5 cm bed at 720, 240 
and 480 minutes respectively (not shown), thus indicating that the bed height was not 
sufficient to achieve optimum contaminant removal. This was due to the decrease in 
available sorption sites for metal removal and insufficient residence time for intra- 
particle diffusion of metal ions within the zeolite pores. In shorter beds, mass transfer 
is governed by axial dispersion resulting in decreased diffusion of metal ions (Taty- 
Costodes et al., 2005).
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Table 8.3. Effect of experimental conditions on the amount of silver released during 
E. coli removal in SZ column (Co= 10  ^CFU/lOOml E. coli, 0.4mg/l Pb, 0.5mg/l Cd, 
0.5mg/l Zn; pH=5)
Breakthrough Exhaustion
Z(cm) m (g) Qv (ml/min) Tb(min) Ce(mg/I) XAg(mg) Te (min) Ce(mg/1) XAg(mg)
Effect of flow rate
1 2 1 1320 0.20 2.54 3000 0.05 2^8
1 2 2 570 0.20 3.01 1020 0.05 3.10
1 2 5 240 0.08 1.46 300 0.06 1.79
Effect of bed height
0.5 1 2 240 0.19 0.41 900 0.03 0.50
1 2 2 570 0.20 3.01 1020 0.05 3.10
2.5 5 2 2100 0.47 11.37 2880 0.06 11.79
8.4 S ystem  In te ra c tio n s  a n d  R em o v a l M ech an ism s
The simultaneous removal of E. coli and metal ions within the bed involved complex 
mechanisms including disinfection, ion exchange, adsorption and biosorption. The 
varying E. coli and metal breakthrough times suggest the formation of different 
overlapping contaminant removal zones making up a complex mass transfer zone 
within the bed. Disinfection involved the solid to liquid phase transfer of silver ions 
while metal removal involved liquid to solid phase transfer.
8.4.1 Disinfection
As the solution was fed into the column, rapid disinfection and metal sorption 
occurred within the upper layers of the bed as the disinfection and adsorption zones 
were established. In the disinfection zone, the concentration of silver released into 
the solution was sufficient to kill 100% of the cells. However as the disinfection zone 
travelled downwards towards the end of bed, the amount of silver being released 
decreased until breakthrough occurred as the available silver ions in the region above 
the disinfection zone were used up. Further operation of the bed resulted in 
exhaustion. At this point, the bed was no longer effectively disinfecting the solution.
To further investigate the mechanism of silver disinfection, the morphology of E. 
coli cells before and after treatment were examined using SEM as shown in Figure 
8.6 (a)-(f). The typical rod-like gram-negative E. coli cells (l-2pm in length) can be 
observed in Figure 8.6 (a) and (b) before exposure to silver ions. Figure 8.6 (c)
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shows bacterial cells attached to the zeolite particles during treatment. In Figure 8.6 
(d) at higher magnification the characteristic flat blades of the zeolite particle can be 
observed with extensively damaged cells attached to the surface.
The mechanism of silver antibacterial action is still being understood, however 
several studies have provided insight into how silver ions kill bacterial cells (Lemire 
et al., 2013). Bacterial cells come in contact with silver ions possibly enhanced by 
electrostatic interaction between the positively charged ions and the negatively 
charged cell wall (Ahmad et al., 2013; Choi et al., 2008). These ions significantly 
damage the cell wall resulting in leakage of intracellular cell contents (Sondi and 
Salopek-Sondi, 2004; Chang et ah, 2008; Chamakura et ah, 2011).
Silver ions accumulate within the cell (Ahmad et ah, 2013) and interact with the thiol 
groups, proteins and enzymes resulting in agglomeration of cell proteins and 
condensation of the cell DNA (Chang et ah, 2008; Feng et ah, 2000) thus inhibiting 
the cell replication ability and disrupting essential cell functions (Hall Sedlak et ah,
2012) such as the cell respiration resulting in cell death. The disinfection action of 
silver ions also involves the generation of destructive reaetive oxygen species within 
the cell catalysed by the silver ions which destroy the cell via oxidation (Feng et ah, 
2000; Le Pape et ah, 2004; Inoue et ah, 2002; Park et ah, 2009; Lemire et ah, 2013).
In Figures 8.6 (c) and (d) crystalline clusters can also be observed on the surface of 
the zeolite and surrounding cell debris retrieved from the treated solution (Figure 8.6 
(f)). EDX spot analysis (Appendix B: Figure B2 and Table B l) revealed that these 
clusters (some nano-sized (1-100 nm)) had high concentrations of silver.
The intracellular and extracellular synthesis of silver nanoparticles by bacteria 
including E. coli as a defence mechanism has been reported in the literature (Choi et 
ah, 2008; Maliszewska, 2011; Hall Sedlak et ah, 2012). Bio-precipitation of metal 
ions as crystals or oxides via the reduetion of metal ions to less toxic zero-valent 
species is one of a number of resistance mechanisms microorganisms exhibit in 
response to toxic metal ions (Silver, 1996; Nies, 1999; Lemire et ah, 2013). In 
extraeellular synthesis, the bacterial cells release extracellular polymeric substances 
whieh bind to the toxic Ag^ ions reducing them to less reactive metallic particles Ag® 
(Hall Sedlak et ah, 2012). Intracellular synthesis can occur within the reductive
123
environment in the cytoplasm (Lemire et ah, 2013). The silver nanoparticles formed 
are stabilized by the protein molecules involved in the reduction process (Gurunathan 
et al., 2009; Maliszewska, 2011). However, nanoparticle synthesis is said to occur at 
lower concentrations of silver when the cell is able to protect itself while at high 
silver concentrations, the cells is overwhelmed by the attacking ions resulting in 
death (Deepak et al., 2011).
These silver clusters/nanoparticles (1-lOOnm), a by-product of E. co/z-silver ion 
interaction during disinfection most likely were retained within the bed. Moreover, 
less than 6% of the silver exchanged onto the zeolites was being released during 
treatment thus suggesting that not all silver ions involved in the disinfeetion process 
were being released in the treated solutions. Hence, while some bacterial cells were 
killed by silver ions released into the treated solution (liquid phase disinfection), 
some cells were attached to the particles when they eame in contact with silver ions 
within the zeolite matrix (solid phase disinfection).
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Figure 8.6. SEM Images of E. coli cells (a, b) prior to treatment (e, d) interaction 
with SZ (e, f) debris after treatment
8.4.2 Metal Removal
In each metal adsorption zone, metal removal began within the upper layers of the 
bed. The adsorption zone was established and moved downwards with breakthrough 
oceurring when the zone reached the end of bed and exhaustion when it moved out of 
the bed. The main metal removal mechanisms involved in the treatment process are 
adsorption and ion exchange. Metal removal occurs via bulk diffusion of metal ions
125
from the solution to the zeolite surfaces and intra-particle diffusion of metal ions 
through the zeolite macro pores and meso pores to the microcrystal surfaces where 
they replace some of the exchangeable framework cations while some are adsorbed 
on the internal surfaces of the zeolites (Curkovic et al., 1997; Sprynskky et al., 2006; 
Cozmuta et al., 2012).
8.5 Silver Recovery
The results of the study established a correlation between the disinfection efficiency 
and the amount of silver released in the treated solutions. Some experiments were 
undertaken to recover the silver from the SZ-treated effluent. This was achieved 
using beds of non-modified zeolites with a view to conditioning them for use. In the 
different columns tested 97-98% recovery of silver was achieved as shown in Table
8.4 and changing the bed height did not improve the recovery rate.
Table 8.4. Silver recovery in NZ column (pH=4)
Z(cm) m(g) Qv (ml/min) Ag from SZ (mg/I) y (ml) % Recovery
1 2 2 2.651 1200 98.56
2.5 5 2 2.432 1200 97.57
12 24 1 2.767 360 98.25
This could be due to the less exchangeable potassium ions present at a higher 
percentage in the zeolite as observed in characterization studies (chapter 4). Hence 
converting the zeolite to a homoionic form would enhance the removal efficiency 
and could result in 100% recovery.
8.6 Summary
In this chapter, the simultaneous disinfection and metal removal capacity of silver- 
modified zeolites in a fixed-bed column system were investigated. In the silver- 
modified zeolite column, complete disinfection and metal removal was achieved for 
the first 570 min of operation (bed height=0.5cm, flow rate=2ml/min). E. coli 
breakthrough occurred first at 570 min, followed by Cd and Zn breakthrough at 1080 
min. However no Pb breakthrough was observed before the column had to be put out 
of service (7920 min), thus demonstrating the zeolite’s affinity for lead removal. The 
effects of flow rate and bed height on the disinfection performance of the columns 
were also investigated. The column service life increased with decrease in flow rate
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and increase in bed height, with the latter having a more significant effect on the 
performance of the column. Scanning electron microscopy revealed extensive 
damage to the cells after treatment and the synthesis of micro and nano-sized silver 
particles on the zeolite surface and in solution as a microbial defence mechanism. 
The treated effluent was passed through non-modified zeolite columns to recover 
silver ions with 97-98% recovery achieved thus indicating the potential for reuse. 
This study has shown that silver modified zeolites are capable of simultaneously 
handling bacterial and heavy metals contamination while providing further insight 
into the complex mechanisms occurring within the bed during treatment. The major 
conclusions drawn from the study and recommendations for further research are 
discussed in the next chapter.
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Chapter 9
Conclusions and 
Recommendations
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9.1 Conclusions
The utilization of silver modified zeolites for the effective elimination of pathogenic 
microorganisms present in contaminated aqueous streams has been investigated and 
reported in the literature (Rivera-Garza et ah, 2000; De la Rosa-Gomez et ah, 2008a; 
2008b; Copcia et ah, 2011). These studies have foeused solely on the antibacterial 
activity of the silver ions with the zeolites acting as inert supports. However natural 
zeolites such as clinoptilolite possess excellent ion exchange/sorption properties and 
have been extensively applied for metal removal with high removal efficiencies 
achieved (Kesraoui-Ouki et ah, 1993; Inglezakis and Grigoropolou, 2004; Wang and 
Peng, 2010).
This highlighted the need for research focused on the optimal utilization of the dual 
treatment capabilities of the material by exploring the combined inherent metal 
removal capacity of the natural zeolite and the acquired disinfection capacity due to 
the incorporated silver ions. Thus far, there have been no studies investigating the 
combined disinfection and metal removal performance of silver modified zeolites, 
herein lies the novelty of this work.
Hence, this study investigated the performance of silver modified zeolites for the 
combined removal of E. coli as an indicator of bacterial contamination and metal 
ions (Pb, Cd and Zn) from aqueous solutions. Experiments were undertaken to assess 
the performance of the silver modified zeolites in batch and column systems in order 
to develop a one-step treatment unit process for simultaneously handling bacterial 
and heavy metals contamination.
The major conclusions drawn from this study are as follows:
a. Characterization using SEM-EDX, XRD and BET provided an assessment of 
the nature and properties of the natural and silver modified zeolites which 
influenced their behaviour and metal ion exchange eapacities.
• XRD analysis revealed the presence of clinoptilolite and heulandite in 
representative zeolite fraetions.
• SEM showed the characteristic porous structure of clinoptilolite 
which was unaltered by silver modification.
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• EDX analysis showed that the zeolite was a potassium rich 
clinoptilolite and also confirmed the presence of silver ions in the 
modified zeolites.
• The BET surfaee area of the natural and silver modified zeolites were 
57.06m^/g and 14.44m^/g respectively as the silver ions filled the 
pores of the zeolite. This did not decrease the metal removal capacity 
as the silver ions in the zeolite were easily exchanged for the metal 
ions in the liquid phase.
b. In the preliminary screening experiments, zeolites modified with 0.1-5% Ag 
(w/v) effectively removed E. coli and metal ions (Pb, Cd and Zn) from 
aqueous solutions.
• 100% removal of E. coli was achieved within 30-240 minutes of 
contact time depending on the amount of silver exchanged onto the 
zeolites thus indicating a direct correlation between the disinfection 
efficiency and the amount of available silver.
• The non-modified zeolites did not exhibit any antibacterial activity
• The natural and silver modified zeolites exhibited metal removal 
efficiencies as high as 99%.
• In view of the positive outcome of these screening tests, more detailed 
batch and column studies were undertaken.
c. Prior to the batch and column experiments, the equilibrium and kinetics of 
silver adsorption by the natural zeolites was investigated for the purpose of 
optimizing the silver modification process.
• Silver adsorption was dependent on the initial concentration, contact 
time and solution pH with maximum adsorption at the optimum pH of 
4.
• The Langmuir model best described silver uptake by the natural 
zeolites with the maximum monolayer capacity determined as 
64.10mg/g.
• The silver adsorption kinetics was best described by the pseudo- 
second-order kinetic model.
d. In the batch studies, the silver modified zeolites effectively removed E. coli, 
and heavy metals from single and multicomponent aqueous solutions.
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• Disinfection experiments showed that the silver modified zeolites 
completely eliminated E. coli within 30 minutes of treatment as silver 
was being released into the solutions.
• The removal of heavy metals was influenced by the initial 
concentration, contact time, pH and competing metal ions.
• The maximum adsorption capacities of the natural and silver modified 
zeolites at initial concentrations of 500mg/l were 95-lOlmg/g for Pb,
26-29mg/g for Cd and 18-20mg/g for Zn.
• In multicomponent metal solutions, the percent metal removal 
decreased by 44-68% in comparison with single component metal 
solutions indicating the strong competition amongst metal ions for 
available sorption sites.
• In general, the zeolites were more selective towards Pb and the order 
of selectivity was: Pb>Cd>Zn.
• The Langmuir isotherm best described the uptake of Pb, Cd and Zn by 
the natural and silver modified zeolites.
• The adsorption kinetics was best described by the pseudo-second- 
order kinetic model.
• In the combined disinfection and metal removal studies, complete 
elimination of E. coli was observed within 15 minutes and maximum 
metal removal efficiencies of 97-99% were achieved.
• The presence of metal ions increased the amount of silver released 
into the solutions during treatment and consequently the rate of 
disinfection.
• The natural zeolite did not exhibit any antibacterial activity.
e. The performanee of the silver modified zeolites in fixed-bed columns was 
investigated.
• The column (bed height=0.5cm and flow rate=2ml/min) effectively 
removed 100% of E. coli and metal ions from aqueous solutions.
• A direet correlation between the amount of silver released firom the 
zeolites and the disinfection efficiency was established with E. coli
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breakthrough occurring at 570 minutes when the concentration of 
silver in the treated effluent decreased to 0.203mg/l.
• The breakthrough of Cd and Zn occurred at 1080 minutes.
• Pb breakthrough was not observed before the column had to be put 
out of service at 7920 minutes, further indicating the higher affinity of 
the zeolites for Pb as observed in the batch studies.
• The decrease in available silver and the resultant loss of disinfection 
capacity resulted in the gradual formation of biofilm within the bed. 
The bed became clogged and had to be put out of service.
• The flow rate and bed height influenced the performance of the 
column with breakthrough observed earlier with decrease in bed 
height or increase in flow rate.
• The possibility of silver recovery from the treated effluents in 
columns packed with non-modified zeolites (natural zeolites) was 
explored with 97-98% recovery achieved.
f. SEM studies provided further insight into the mechanism of disinfection by 
the silver modified zeolites.
• The micrographs revealed extensively damaged E. coli cells and dead 
cell debris after exposure to silver modified zeolites.
• Furthermore nano and micro sized silver crystals (as confirmed by 
EDX analysis) were observed which were most likely synthesized by 
the E. coli cells as a defence mechanism.
• However when adequate amounts of silver were released, the silver 
ions overpowered the bacterial cells resulting in cell death.
Overall, this study has demonstrated the capability of silver modified zeolites to 
simultaneously remove E. coli and metal ions from aqueous solutions in batch and 
column systems while providing insight into the mechanism of disinfection and 
demonstrating the possibility of silver recovery for potential reuse. The research 
findings indicate the potential for this system to be developed to provide a one-step 
treatment unit process with dual treatment capacities for handling contaminated 
aqueous streams.
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9.2 Limitations of this Study
This study was limited to synthetic contaminated aqueous streams containing gram- 
negative E. coli and heavy metals (Pb, Cd and Zn). However real effluents are more 
diverse with other constituents capable of significantly influencing disinfection and 
metal removal.
9.3 Recommendations for Future Work
This study has demonstrated that silver modified zeolites are effective for handling 
bacterial and heavy metal contamination in aqueous solutions, however the practical 
application of this technology is subject to further research. Some recommendations 
for future research are as follows:
• In this study, the antibacterial aetion of SZ against E. coli which is a gram- 
negative bacteria and faecal indicator was investigated. However the 
materials should be tested against a wider spectrum of pathogenic 
microorganisms found in contaminated aqueous streams including other 
gram-negative bacteria, gram- positive bacteria, viruses and protozoa.
• The effeets of experimental variables including initial metal concentration, 
bacterial loading and temperature on the combined disinfection and metal 
removal efficiency should be investigated to provide more insight into the 
performance of the system. The effects of experimental variables on the 
disinfeetion efficiency of silver modified materials has been reported in the 
literature and eould provide useful background information (see Silvestry- 
Rodriguez et al., 2007a; Chang et al., 2008; Krishnani et al., 2012).
• In this study, the pseudo-first-order, pseudo-second-order and intraparticle 
diffusion models were employed to investigate the metal adsorption kinetics. 
The pseudo-second order model provided a better fit for the experimental 
data obtained (R^> 0.928). Conversely, the intraparticle diffusion model did 
not fit the data thus indicating that intraparticle diffusion may not be the rate- 
limiting step in the adsorption process (see section 7.4.6). However, the 
natural zeolite is a porous adsorbent (see section 4.3: Figure 4.3) and the 
diffusion of metal ions through the pores is an important step in metal uptake. 
Hence, further investigation of the system kinetics may be undertaken using 
other diffusion models such as the Vermeulen’s approximation and the
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parabolic diffusion model (see Tarpacevska et al., 2010; Malamis and Katsou,
2013).
Further studies should be conducted to investigate the performance of the 
silver modified zeolites for the treatment of real contaminated aqueous 
streams requiring disinfection and metal removal such as secondary 
wastewater effluents, stormwater and rain water etc. It is expected that the 
water chemistry will greatly influence the removal efficiency of the system 
(Silvestry-Rodriguez et al., 2007a; De la Rosa-Gomez et al., 2008a; Zhang 
and Oyanedel-Craver, 2012).
Further column experiments should be undertaken to obtain more data for 
detailed modelling of the column performance in terms of metal removal (see 
Benefield et ah, 1982; Al-Haj-Ali and Al-Hunaidi, 2004). In addition, it will 
be interesting to explore the possibility of developing a model to 
appropriately deseribe the simultaneous disinfeetion and metal removal 
occurring in the system.
The results of the silver recovery experiments (97-98%) have demonstrated 
the potential for operating SZ and NZ columns in series thus recovering the 
silver ions from the treated effluent for reuse (seetion 8.5). Further 
experiments should be undertaken to validate this hypothesis. In the NZ 
eolumn, the zeolites were used as-received, however the conversion of the 
NZ to homoionic (Na) form by pre-treatment with solutions such as NaCl 
could increase the exchange capacity of the zeolites thus enhancing silver 
recovery (see Kesraoui-Ouki et al., 1993; Panayotova and Velikov, 2003). 
Future work should include studies on the optimal regeneration of spent silver 
modified zeolites, disposal of regenerating solutions, regeneration and reuse 
cycles and disposal of exhausted zeolites (see Vasylechko et al., 2003; Gedik 
and Imamoglu, 2006b; Katsou et al., 2011;).
Further characterization of the microorganisms may be undertaken via 
transmission electron microscopy (TEM) to gain more insight into the 
mechanism of disinfection (Feng et al., 2000; Yamanaka et al., 2005).
The system should be tested on a pilot scale prior to practical applications. 
(For column design procedures, see Benefield et al., 1982; Thomas and 
Crittenden, 1998).
134
Further development of the system should include an economic assessment 
which encompasses the cost of silver modification, column operation, 
regeneration and silver recovery and cost effectiveness analysis in 
comparison to conventional disinfection and metal removal methods.
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Appendices
Appendix A (Chapter 7)
Table A l. One-way ANOVA analysis: Comparison of R  coli survival in SZ and NZ 
treated samples and controls (no zeolites) after 30 and 60 minutes of contact time (P 
<0.05)
Source of Variation
Sum of 
Squares
Mean 
df Square P-value
30 minutes
Between Groups 
Within Groups 
Total
124.149 2 62.074 163.977 0.00086
1.136 3 0.379
125.284 5
60 minutes
Between Groups 
Within Groups 
Total
70.698 2 35.349 42.359 0.00632
2504 3 0TÜ5
73.201 5
Table A2. Paired samples t-test: E. coli survival in the control (no zeolites) after 30 
and 60 minutes of contact time (P <0.05).
Time t stat df P-value (two-tailed)
30 minutes 
60 minutes
9284
19.240
0.06759
0.03306
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Figure A l. Effect of initial metal concentration on the amount of silver released 
from SZ in Pb, Cd and Zn solutions (pH=4.5, t=2.4h)
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Figure A2. Effect of contact time on the amount of silver released from SZ in Pb, Cd 
and Zn solutions (pH=4.5, t=2.4h)
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Figure A3. Comparison of the amount of silver released from SZ in single and 
multicomponent metal solutions (pH=4.5, t=2.4h)
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Table A3. Kinetic parameters for Pb, Cd and Zn removal from E. co//-metal(s) 
solutions by SZ and NZ
Pseudo-First-Order Pseudo-Second-Order
Oe (mg/g) Ki (I/min) R2 Qe (mg/g) Kz (g/mg mln) R2
NZ-Pb 0.016 0.042 0.2487 0.186 17.634 0.9996
SZ-Pb 0.012 0.050 0.3080 0.184 -372.130 1.0000
NZ-Pb(PCZ) 0.013 0.037 0.1842 0.183 -165.603 0.9999
SZ-Pb(PCZ) 0.042 0.077 0.6849 0.191 9.229 0.9993
NZ-Cd 0.032 0.064 0.4793 0.232 11.954 0.9997
SZ-Cd 0.040 0.091 0.5491 0.248 2.452 0.9939
NZ-Cd(PCZ) 0.059 0.079 0.6483 0.229 4.548 0.9984
SZ-Cd(PCZ) 0.099 0.079 0.8197 0.239 2.060 0.9937
NZ-Zn 0.071 0.079 0.5436 0.249 3.344 0.9978
SZ-Zn 0.063 0.091 0.6587 0.257 4.065 0.9982
NZ-Zn(PCZ) 0.072 0.108 0.7949 0.263 4.089 0.9986
SZ-Zn(PCZ) 0.121 0.098 0.9073 0.274 2.112 0.9958
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Figure B2. Comparison of E. coli breakthrough in SZ and NZ columns (Co= 10^  
CPU/100ml E. coli, pH=5; Qv= 2ml/min; Z= 1cm)
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Figure B2. SEM-EDX analysis of bacteria and particles on the surface of SZ
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Table B l. Chemical composition of particles in the surface of SZ
wt% C N o Na Mg Al Si K Ca Ag
Bacteria _ptl 15.64 8.19 25.99 0.59 0.32 4.12 21.79 0.9 0.5 : 11.46
Bacteria _pt2 7.72 3.73 35.46 0.79 0.48 5.54 27.95 1.16 0.49 ; 7.81
Bacteria _pt3 0 0 4.63 0.21 0 2.22 12.34 0.59 0.28 I 61.04
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